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The successful utilization of lignocellulosic biomass as a feedstock for fuels and 
chemicals necessitates storage for 2-6 months. It is correspondingly important to 
understand the impact of storage parameters – moisture concentration, temperature and 
duration – on biomass quality. 
 
As aerobic storage is the most viable large-scale solution, aerobic storage experiments 
were carried out with three projected bioenergy feedstocks – sweet sorghum (Sorghum 
bicolor) bagasse, corn (Zea mays) stover and switchgrass (Panicum virgatum). Stored 
samples of each were examined for dry matter loss and composition change to develop a 
material balance around carbohydrates and lignin.  
 
A mean dry matter loss of 24% was observed at 8 weeks in sweet sorghum stored at high 
moisture content (26% w/w). Soluble sugars predominated the dry matter loss in high-






In comparison, low-moisture (12% w/w) samples showed negligible loss. High-moisture 
sorghum dried from 26% to 20% in 8 weeks, and further to 8% in 24 weeks. 
To control moisture loss in subsequent experiments, switchgrass and corn stover were 
wetted to specific water activities (aw) and stored under equivalent controlled humidities.  
Switchgrass stored at water activities of 0.65-0.85 showed no dry matter loss, irrespective 
of storage temperature or duration. Switchgrass stored at a water activity of 0.99 (~33% 
w/w moisture) showed significant dry matter loss at temperatures of 20 and 35 °C, 
although substantial sample-to-sample variation was observed at 20 °C compared to 
35 °C. At 8 and 16 weeks, switchgrass stored at 0.99 aw and 35 °C lost 7% dry matter on 
average. Corn stover was stored under similar conditions (35 °C, 0.97 aw) for 8 weeks. 
The stored samples showed 10% dry matter loss on average. The dry matter losses 
predominantly consisted of cellulose and hemicellulose, resulting in the mass fraction of 
lignin increasing in switchgrass from 26.6% to 27.0% in 8 weeks and 28.8% in 16 weeks, 
and in stover from 23% to 25% in 8 weeks.   
 
Samples of switchgrass and corn stover that had undergone significant (>5%) dry mater 
loss were subjected to liquid hot-water pretreatment and washed solids subjected to 
enzymatic hydrolysis. The glucose yield was calculated and compared to hydrolysis 
results from samples that had not experienced significant loss to examine the impact of 
storage losses on carbohydrate extractability. Both degraded and non-degraded 
switchgrass achieved approximately 8% of theoretical yield from cellulose hydrolysis 
before pretreatment, and 35% yield after pretreatment. Similarly, irrespective of storage 





approximately 55% yield after pretreatment. Due to the similar yields, storage losses in 
the range observed were concluded to not significantly impact carbohydrate extractability 
in terms of percent yield, although the amount of extractable carbohydrate per dry kg 









CHAPTER 1. LITERATURE REVIEW 
1.1 The Cellulosic Biorefinery 
The convergence of biotechnology, nanotechnology, chemistry, agronomy and industrial 
engineering has generated a new industrial paradigm, wherein these sciences can be used 
in combination to manufacture - in the field or the factory - low cost, low value products 
that are sold and used in bulk, from biological materials. These products are aimed to 
supplement and eventually replace existing commodity products - foods, value-added 
chemicals, fuels and material building blocks - and given their origin, have been termed 
'bio'-commodities. The term 'biocommodity engineering' (Lynd et al., 1999) has been 
coined to describe the paradigm.  
 
The most notable thrust of biocommodity engineering has been towards the replacement 
of fossil feedstocks - coal, oil and natural gas. These resources are required for the 
manufacture of hydrocarbons for fuels and important value-added chemicals. The 
worldwide demand for fossil feedstocks has been steadily increasing, giving rise to 
political and economic issues. Moreover, the consumption of these feedstocks has led to 
the atmospheric release of carbon formerly trapped within the earth, causing worldwide 
climate change. A solution to this problem would be to use biological materials - termed 





air) are also environmentally benign. The usage of ethanol generated from sugarcane 
(Brazil) or corn starch (USA) as a fuel is a step in this direction, the two being termed 
biofuels.  
 
The effective replacement of fossil feedstocks requires the utilization of whole biomass, 
rather than single components (starch, oils, free sugar etc.). Given the heterogeneous 
composition of biomass and the applications that its components could have, conversion 
of whole biomass into fuels and chemicals would require its deconstruction into specific 
fractions and their subsequent transformation into the chemicals of interest, analogous to 
crude oil transformation in a petroleum refinery. The term 'biorefinery' has been coined to 
describe a facility envisioned as capable of transforming whole feed biomass into 
multiple products (Lynd et al., 1999). The most abundant biomass available being 
lignocellulose (Perlack et al., 2005), the constituent of plant structural tissues, 
biorefineries must center their functioning on usage of lignocellulosic feedstocks. 
 
The primary requirements of a biological feedstock are abundance and carbon-neutrality. 
The biomass must be cultivable without significant environmental fallout from the 
corresponding land-use change (Fargione et al., 2008; Popp et al., 2012; Searchinger et 
al., 2008) and abundant enough to provide the necessary components for industrial scale 
fuel and chemical manufacture. In the context of agriculture in the Midwestern United 
States, grass-based forages are important lignocellulosic feedstocks. Three significant 





i. Sweet sorghum: Sorghum (S. bicolor) is an important cereal crop, grown across 
the world for food grain, feed grain or forage. Sweet sorghums are specific variants 
that accumulate substantial sucrose in the stalk, and have been cultivated as 
alternatives to sugarcane or sugar beet. While its cultivation in the United States has 
traditionally been for forage, sweet sorghum has gained substantial attention in 
recent times as a feedstock for biofuels (Byrt et al., 2011). The key advantages of 
using sweet sorghum (S. bicolor L. Moench) as a bio-based feedstock are its high 
concentration of easily extractable and fermentable sugars, and its high tolerance of 
drought-like conditions (Rooney et al., 2007). Sweet sorghum cultivation in the 
United States has been reported as capable of producing 11-48 dry-Mg.hectare
-1
 
(Erickson et al., 2011; Han et al., 2012; Miller & Ottman, 2010; Wortmann et al., 
2010) with corresponding sugar yields of 1.9 – 6.2 Mg.hectare-1. Sweet sorghum 
thus presents a viable source of sugars for ethanol manufacture.  
ii. Corn stover: Corn (Z. mays) stover comprises the stalks, leaves, husks, and cobs 
left over from corn grain production (Shinners & Binversie, 2007). Stover is 
composed on average of 32% cellulose and 24% hemicellulose by dry weight 
(Templeton et al., 2009). The United States has been estimated as capable of 
producing 133-196 Teragrams of stover for conversion into biofuel (Graham et al., 
2007; Kim & Dale, 2004; Tan et al., 2012), making it an important source of 
cellulosic sugars. Moreover, due to the established framework for the cultivation 
and harvest of corn in the Midwestern United States, the potential exists for large-
scale stover collection for biofuel production. Corn stover thus constitutes an 





iii. Switchgrass: Switchgrass (P. virgatum) is can be cultivated in many areas of the 
United States and is capable of growing on marginal lands (Evanylo et al., 2005; 
Varvel et al., 2008) or with lower nutrient inputs than more intensive crops like 
corn (Sokhansanj et al., 2009). It is also a high-yielding perennial crop, McLaughlin 
et al (2005) reporting the average dry matter yield of switchgrass across the United 
States to be 11.2 Mg.hectare
-1
 and range from 4.5 to 23 Mg.hectare
-1
 depending 
upon the region. Switchgrass contains 33.6% cellulose and 27% hemicellulose on 
average (Based on composition data from Dien et al., 2006; Yanet al., 2010; Hu et 
al., 2010; Liu et al., 2010; Woodson et al., 2013), making it an important source of 
fermentable sugars for conversion into biofuels and biochemicals. 
Given a conversion process, feedstock quality is determined through the extractible yield 
(kg/dry-kg biomass) of the components of interest (Figure 1.1). It is thereby necessary to 
review the common fractions of interest within lignocellulosic biomass, their potential 















1.1.1 Biomass: Components of Interest 
As described above, carbohydrates and lignin are the principle components of interest 
within lignocellulosic biomass, being the fractions containing the most carbon and least 
nitrogen. Due to their different chemical natures, their extraction and deconstruction 
require different approaches. Presented below is a summary of the chemical properties, 
uses and methods of extraction of each fraction.  
 
1.1.1.1 Carbohydrates: 
Carbohydrates are the primary platform for bio-based manufacture of fuels, where they 
are metabolized by biocatalysts into fuel alkanols – ethanol and butanol. Carbohydrates 
can also serve as feedstocks for the thermocatalytic manufacture of value added 
chemicals and precursors (Bozell & Petersen, 2010). Plant carbohydrates can be 
classified as structural or non-structural, depending on their location and function. Based 
on this categorization, different strategies have to be adopted towards their extraction and 
usage.  
  
Non-structural carbohydrates serve largely as energy reserves for the plant. They 
correspondingly tend to be monomers or easily degradable polymers. Their location 
within the plant tissue depends strongly upon their size and polymerization. The major 
carbohydrates of interest are free sugars and starch. The former comprise mono- and 
disaccharides of glucose and fructose and are primarily located in plant sap. The sugars 





sugars can be extracted under mild conditions – mechanical treatment, water addition – 
and subsequently fermented. They are important fractions on a dry weight basis of such 
crops as sugarcane, sugar beet and sweet sorghum (Peters, 2007). Fuel ethanol is 
commonly generated through the fermentation of either whole crop free sugar content, as 
done in Brazil, or specific extracts such as molasses. 
 
In contrast to free sugars, starches are glucose-based polysaccharides, made up of two 
repeating units: amylose and amylopectin. Starches are synthesized for energy storage, 
and can be found in fruits, seeds, growing tips and tubers or rhizomes. They are important 
components of cereal crops such as rice, wheat, maize and oats, as well as tuber crops 
such as potato and cassava. Corn starch is the feedstock for the manufacture of ethanol in 
the United States. Starch extraction requires physical treatment to make the fraction more 
accessible to subsequent separation processes. Extracted starch must then be 
depolymerized chemically or enzymatically into glucose, upon which it can be fermented. 
While not as vulnerable as free sugars, starches are easier to access and break down than 
structural carbohydrates.  
 
As the name suggests, structural carbohydrates make up and provide mechanical support 
for the plant structure. Located primarily in plant cell walls, they are sugars with a very 
high degree of polymerization. They are bound with lignin, which provides both 
structural integrity and shields them from chemical and biological action. Structural 





species, family and age, they can be in turn be categorized into two particular families, 
namely cellulose and hemicellulose.  
 
Cellulose is a glucose polymer, made up of ß-(1,4)-linked D-glucopyranose molecules. 
Cellulose makes up 15-30% of primary plant cell walls and up to 50-60% of the 
secondary cell wall (Vermerris, 2008). The linked molecules are aggregated into micro- 
and eventually macrofibrils. Cellulose is the most abundant biological polymer on Earth 
and constitutes 37.5-45% by dry weight of grass-based feedstocks as corn stover, wheat 
straw, switchgrass and cane bagasse and 46-49% by dry weight of woody feedstocks such 
as pine wood and poplar (Mosier et al., 2005c; Saha, 2003).  
 
Hemicellulose is the second carbohydrate that makes up plant cell walls. Hemicellulose 
has a significantly different structure from cellulose, and shows more variation in 
composition and structure across plant classes and species. While cellulose is a 
homogeneous polymer of glucose, hemicellulose consists of several different monomeric 
units. Hemicellulose contains hexoses (glucose, galactose and mannose), pentoses 
(xylose and arabinose) and sugar acids such as glucuronic acid. Listed below are some 
examples of hemicellulosic polysaccharides: 
a. Xyloglucans: These are linear chains of ß-(1,4)-linked D-glucopyranose residues with 
various side chains, xylose and arabinose being the most common. 
b. Arabinoxylans: These are polymers with a backbone of xylopyranosyl molecules, 





glucuronic acid and 4-oxy methyl glucuronic acid substitutions (arabinoxylans, 
glucuronoarabinoxylans and 4-O-methyl-glucuronoxylans) 
c. Mannans: Mannans have a backbone containing mannose. The backbone residues can 
be substituted with glucose (glucomannans), galactose (galactomannans) or both 
(glucogalactomannans)  
Hemicelluloses comprise 25+% by dry weight of grass-based feedstocks such as corn 
stover (25-28%), switchgrass (30-36%) and wheat straw (50%) (Byrt et al., 2011; Saha, 
2003). They are also important components of woody biomass, comprising 14% by dry 
weight of willow and poplar (Byrt et al., 2011).  
 
Structural carbohydrate extraction is difficult, as the polysaccharides are bound to each 
other and to lignin. A severe thermal and/or chemical treatment is required to fractionate 
them from lignin and each other, and render them vulnerable to depolymerization. This 
step, termed pretreatment is a critical step in biofuel manufacture (Yang & Wyman, 
2008), and must be optimized for maximum carbohydrate recovery (Mosier et al., 2005b). 
Cellulose shows the most resistance to depolymerization, termed recalcitrance. 
Hemicelluloses are easier to extract and break down in comparison to cellulose, although 
severe treatment is still required to separate them from lignin (Vermerris, 2008). The 
rate- and viability-determining step in bio-based conversion of lignocellulose is the 
separation of structural polysaccharides from lignin (Yang & Wyman, 2008). Following 
their separation, cellulose and hemicellulose are depolymerized through enzyme addition 





fed into specific conversion processes. The principal factor complicating their extraction 
is the presence of lignin, which is described below. 
 
1.1.1.2 Lignin: 
Lignin is a phenylpropanoid polymer that provides a hydrophobic surface for intercellular 
water conduction, shields cellulose and hemicellulose from enzymatic or chemical 
attacks, and together with the two provides structural support for the plant body as a 
whole. Lignin is made up of monomers derived from phenylalanine, termed monolignols. 
The three monolignols are sinapyl alcohol, coniferyl alcohol and paracoumaric acid 
(Figure 1.2.). Lignin is significantly less oxygenated and thus denser in energy content 
than biomass carbohydrates. It thus constitutes an important feedstock for combustion 
and catalytic manufacture of drop-in biofuels (Jae et al., 2010; Mendu et al., 2011; 2012; 
Vermerris, 2008). During bio-based fuel manufacture however, lignin is problematic as it 
shields structural carbohydrates, preventing extraction and depolymerization. Its presence 
necessitates a severe physicochemical treatment, termed pretreatment, to fractionate it 
from structural carbohydrates (Chapple et al., 2007; Mosier et al. 2005c). Moreover, the 
pretreatment process in several cases breaks it down into phenolic monomers and 
oligomers, which are inhibitory to both the carbohydrate-depolymerizing enzymes (Kim 






















Extensive research has been carried with an aim to optimizing the fractionation of 
biomass and subsequent conversion into fuels and chemicals. However, for the 
biorefinery to be commercially viable it is also necessary that the feedstock supply be 
cost-effective. Feedstock costs account for 35 – 50% of the total production cost of 
cellulosic ethanol, as reported by the NREL (Foust et al., 2007) and Hess et al (2007). 
These include the costs of cultivating biomass (Ericsson et al., 2009), packaging and then 
transporting it to the biorefinery (Brechbill et al., 2011), while also adjusting for quality 
changes during the process (Hess et al., 2007; Inman et al., 2010; Richard, 2010). 
Detailed knowledge is therefore required as to the cultivation, harvest, densification and 










and quality changes. It is therefore necessary to develop knowledge of feedstock logistics 
and supply networks.  
 
1.2 Biomass Supply Systems 
The effective usage of a particular feedstock for biofuel manufacture requires the 
development of detailed feedstock logistics, covering feedstock harvest and 
transportation to the biorefinery. An effective feedstock supply system must include all 
unit operations from the field to the first stage of chemical treatment in a conversion plant. 
Such an integrated system allows the optimal arrangements and combinations of unit 
operations to reduce feedstock costs and increase overall value to both the refinery and 
the cultivation system. The objectives in developing an integrated supply system are 
threefold (Sokhansanj & Hess, 2009):  
1) To select or develop technologies to reduce the costs of specific unit operations.  
2) To optimize the sequence of operations the involved equipment for minimal 
cost 
3) To deliver a higher value biomass feedstock that product that improves product 
yields and efficiencies.  
 
The first requirement of a supply system is an estimation of the amount of feedstock 
available for conversion. Feedstocks consist of both energy crops grown for the purpose 
of conversion (switchgrass, miscanthus, cane for ethanol and woody biomass) and crop 
residues, remnants of plants grown for food (corn, wheat), animal feed (corn, alfalfa), 






weight/hectare) of biomass produced, the specific sections of the crop gathered and 
corresponding compositions (Akin et al., 2006; Li et al., 2012). In recent times, certain 
residues have been observed to improve soil quality and sequester carbon, making their 
removal and utilization unsustainable in the long run (Hammerbeck et al., 2012; 
Kochsiek & Knops, 2011). Such information has to be taken into account when 
estimating the amount of biomass removable and the components of interest within it.  
 
The subsequent requirement is a detailed knowledge – both technical and economic – of 
the operations involved in harvesting a crop. Presented below are the various unit 
operations that comprise the harvesting process, together with their specific impacts on 
process feasibility. 
 
1.2.1 Harvest operations 
Biomass harvest comprises the sequence of operations from crop removal to its storage. 
Harvest operations are rate- and feasibility-determining steps for the successful 
functioning of the biorefinery, as they determine net availability, quality and cost of the 
feed biomass (Ma, 2012; Petrolia, 2008). While there are variations based on crop species 
and biomass product (haylage, silage etc.), harvest is made of the operations listed below.  
 
1.2.1.1 Mowing and conditioning: 
Mowing is the process of the cutting the s tanding plant in the field. Living matter being 






store the crop. Field drying, utilizing sunlight and wind to dry the crop, is the 
predominant means due to its cost and the scale involved. The machines used for the 
cutting are called mowers, the most common types being sickle cutterbar and rotary disc 
mowers (Rider et al., 1993).   
 
Conditioning refers to a series of operations performed after mowing, to quicken the 
drying process. Chemical conditioning uses sodium or potassium carbonate to speed the 
drying process. Mechanical conditioning, which is more common, involves mechanically 
bruising, cracking and crushing the cut crop, to increase accessibility of plant tissue to 
open air and sunlight. Mechanical conditioners are of three types, namely crimpers, 
crushers and impellers (Rider et al., 1993). Modern machinery can combine the two 
operations, chopping biomass and bruising it to expedite drying. Following the two, the 
cut crop is arranged into denser collections called windrows or swaths, wherein it is set to 
dry in the field.  
 
1.2.1.2 Gathering and densification: 
Cut, dried biomass is typically of low density. For example, leading feedstocks such as 
corn stover and switchgrass were reported to have densities of 71 kg/m
3
 and 60 – 80 
kg/m
3
 respectively (Shinners et al., 2007b; Sokhansanj et al., 2009). The material must 
therefore be collected and densified into units with higher mass and suitable dimensions 
to expedite downstream processes. Biomass may be further cut or chopped to bring its 






Following biomass collection, the most common farm-based densification technique is to 
package the feedstock into square or round bales. The baling machines can also wrap the 
compressed biomass in twine, plastic or net wrap, for additional protection. Alternately, 
the collected feedstock can be packed into loaves or stacks, the procedure termed loafing 
or stacking. Woody feedstocks such as wood chips, sawdust and logging residues are 
densified through pelletization, a process that has since been carried out with grass based 
feedstocks as well (Mani et al., 2006; Tumuluru et al., 2011). Depending upon feedstock 
species, composition, moisture content and densification technique, different final 
densities are achievable. Sokhansanj reported densities of 140 – 180 kg/m3 for baled 
switchgrass, the latter a suitable density for transporting distances of up to 160 km 
(Sokhansanj et al., 2009). 
 
The yield or efficiency of biomass collection (Mass gathered/Mass present on field) is an 
important parameter, determining feedstock cost and thereby cultivation feasibility. 
Shinners et al reported harvest yields of 37 – 55% with corn stover, depending on 
whether the stover was chopped, baled dry or baled wet (Shinners et al., 2007b). Shinners 
also reported stover gathering as the limiting step, determining yield per area. Similarly, 
Monti et al reported harvest losses of 36 – 46% of the potentially harvestable biomass 
when harvesting switchgrass (Monti et al., 2009). The losses were attributed both to 
fractions of the biomass being uncut and to cut biomass not being gathered by the 







1.2.1.3 Transportation:  
The packaged feedstock must then be transported to a location for storage, and 
subsequently to the refinery for breakdown. Biomass can be transported by road (trucks), 
rail, waterway (barge) or through pipeline (Kumar et al., 2005). Transportation costs can 
account for up to 46% of total cost of biofuel usage (Morey et al. 2010), and are thus 
influential in selecting the location, scale and overall profitability of biorefineries 
(Brechbill et al., 2011; Stephen et al., 2010; Suh et al., 2011; Sultana & Kumar, 2012). 
Several studies have been published with formulae for evaluating transportation costs on 
a per mass and per distance basis (Kumar et al., 2005; Sokhansanj et al., 2002), as well as 
selecting the optimal means for it (Kumar et al., 2006). 
 
1.2.1.4 Storage:  
The growth and harvesting processes for plant-based biomass must by necessity be 
seasonal, similar to conventional agriculture or forestry. As many feedstocks are farm or 
forestry residues, their cultivation and harvest follows that of the main crop. However, 
successful biorefinery operation necessitates a continuous supply of feed biomass. 
Harvested densified biomass must thus be stored for mid- to long-term periods either at 
the farm or a designated storage site. The focus of this study is on the impact of storage 








Each operation described above must be optimized so that the resulting sequence can 
produce the most biomass at the least cost. For example, Shinners et al reported a trade-
off between stover yield, fuel consumption and productivity (on a per area basis) when 
gathering corn stover in (Shinners et al., 2009a), an optimal yield achievable by 
modifying harvester configuration and separating grain and stover harvests (Shinners et 
al., 2012). Multiple studies have analyzed and attempted to optimize the harvest sequence 
for specific feedstocks such as corn stover (Petrolia, 2008; Sokhansanj & Turhollow, 
2002; Sokhansanj et al., 2010; Suh et al., 2011) and switchgrass (Mitchell et al., 2008; 
Perrin et al., 2008; Schmer et al., 2010; Sokhansanj et al., 2009) so as to deliver biomass 
to the biorefinery at minimal cost. The scale of the manufacturing must also be taken into 
account when optimizing the process, as reported by Suh et al when comparing the means 
for densification and transportation of corn stover in Minnesota (2010). 
 
In addition to quantity, it is important that the feedstock being delivered retain the quality 
originally identified. It is thereby important to understand the impact of each step on the 
quality of the feedstock. As discussed earlier, quality is determined by the extractible 
yield (g/g dry) of the various components of interest, which is in turn affected by 
composition and composition change. It is thereby important to understand the 
composition changes that the feedstock can undergo while moving through the supply 
chain. This study analyzes the change in composition and correspondingly quality in 







1.3 Biomass Storage 
As described earlier, successful biorefinery operation requires long-term storage solutions 
that can preserve the crop and possibly improve its digestibility at minimal cost. The 
principle problem of storage is that biomass, being organic, is susceptible to microbial 
activity under the right conditions of temperature, moisture and exposure. Microbial 
respiration consumes organic carbon – from carbohydrates and lignin – and generates 
carbon dioxide, methane other metabolic end products and heat. The process can become 
self-sustaining beyond a threshold, wherein the heat generated sustains further microbial 
growth and activity, causing extensive loss of carbon (Wihersaari, 2005; Williams, 1997).  
 
The loss of carbon reduces the amount of fuel that can be manufactured from the biomass, 
reducing product volume and yield, and increasing production costs. Moreover, the 
released carbon dioxide, methane and nitrous oxide (generated from biomass protein) are 
greenhouse gases, and their emission reduces the environmental sustainability of biofuel 
manufacture (Emery & Mosier, 2012; Wihersaari, 2005). The problem is amplified by 
scale, which following cultivation can range from several hundreds of kilograms to 
several metric tons. A biorefinery drawing feedstock from multiple sites of cultivation 
must have a storage method that‘s effective and economical at a large scale. It is therefore 
important to ascertain the impact of storage parameters – temperature, the presence of 
moisture and oxygen, exposure to sunlight, wind, rain and soil – on the chemical 







While studies have recently been published discussing storage effects on biomass (Xiao 
He et al., 2012; Shinners et al., 2007b; 2010; 2011), the impact of storage on overall 
feedstock quality represents a knowledge gap. It is therefore necessary to examine 
knowledge existing on storage methods, and their impact on the quality of biomass.  
 
1.3.1 Storage Background: Forage and Animal Feed 
The storage of biomass on a large scale is a problem that has been tackled by the forage 
and animal feed industry, which sought to harvest and store cellulose-rich feeds – 
predominantly grass-based – at minimal cost, while still retaining nutritive value. Given 
that the majority of feeds are grass-based and often agricultural residues, the methods and 
issues of forage storage are likely to recur when harvesting and storing them for biofuel 
manufacture. Moreover, structural carbohydrates are an important component of forages, 
as ruminants are capable of breaking them down. Cellulose is broken down in the animal 
rumen through the combined action of ruminal enzymes and the microbial flora present. 
The aqueous environment, mild conditions of temperature and pH and dependence upon 
enzyme and microbial action make ruminal cellulose digestion similar to enzymatic 
cellulose digestion. Thus, the digestibility and nutrient content – specifically 
carbohydrate content – of a forage/forage-like feedstock could indicate its suitability for 
bio-based breakdown, the two correlated by Lorenz et al (2009) and Anderson et al 
(2009). Another industry involving long-term biomass storage is the pulp and paper 
industry, which necessitates similar storage of woody biomass. Pulp can also serve as a 







Described below are the methods used in the forage industry to store biomass, and the 
parameters affecting effective storage in each case. The principle factor dividing the 
various means of biomass storage is exposure to the air. This exposure simultaneously 
enables microbial respiration and biomass drying, making preservation harder to predict. 
On the basis of exposure, two main forms of storage emerge, namely dry storage and 
ensilage or anaerobic storage. A description of each is presented below. 
 
1.3.1.1 Dry storage: 
Dry storage, also referred to as dry baling or hay storage, establishes low moisture 
concentrations to prevent microbial activity. Dry storage is commonly carried out with 
forages such as alfalfa, ryegrass, bromegrass, orchardgrass and corn stover.   
 
The critical step in dry storage is the crop drying process, commonly carried out in the 
field. At the time of harvest crop is mowed and conditioned and moved into swaths to 
begin field drying. The swath is subsequently manipulated to ensure uniform and speedy 
drying. Three possible operations can be carried out to improved drying: 
1. Tedding: Using rotating tines, the swath content can be stirred and spread, 
facilitating drying. 
2. Swath inversion: Swath inverting machines pick up and turn over the swath, 
exposing the wetter base contents to sunlight and air.  
3. Raking and merging: Using mechanized rakes, the swath contents can be shifted 






Final moisture contents at or below 20% are desirable for stability (Rotz & Muck, 1994; 
Rotz & Shinners, 2007). Once these moisture levels are reached, the forage is then 
packaged into bales, by gathering the dried swaths or windrows and compressing their 
contents into individual units of specific dimensions. The machines carrying out the 
operation are called balers. Most hay in North America is packaged into large round bales, 
90 – 180 cm in diameter and 120 – 160 cm in height, containing 200 – 900 kg dry matter. 
Round bales must be wrapped in twine or plastic mesh at the time of preparation, which 
adds stability but slows down the baling process. Alternately, the forage can be converted 
into rectangular bales. Rectangular bales can be made small (25-35 kg), midsize (500 kg) 
or large (1000 kg), the size chosen based on the harvest size and availability (or lack 
thereof) of corresponding equipment and manual labor. Large rectangular bales are most 
common in hay markets, especially in the western United States (Rotz & Shinners, 2007). 
 
Some dry matter loss occurs during the baling process, biomass either being left on the 
ground (pickup loss) or in the baling chamber (chamber loss). Losses are dependent on 
the baler design used, the bale shape and mass, and hay moisture content, chamber losses 
increasing with reduction in moisture content. Aside from bales, hay can also be packed 
into pellets, stacks or loaves (Tumuluru et al., 2011). The packed biomass is then stored.  
 
The moisture content is the main parameter determining storage stability. Biomass has 
been reported as stable when stored at moisture content below 15-20% by weight (Rotz & 
Muck, 1994; Rotz & Shinners, 2007). Field-drying being the only cost-effective option 






insufficient or non-uniform drying, baling and storage may be carried out at moisture 
contents higher than the feed threshold stability. Biomass stability is then dependent upon 
the efficacy of moisture loss during storage. As moisture content increases beyond 20%, 
microbial activity becomes significant. At sufficiently high moisture levels microbial 
respiration can generate sufficient heat to sustain itself as well as further damage the 
stored material, the subsequent impact dependent on the density of dry matter and 
packing features (Coblentz & Hoffman, 2009a; 2009b; Coblentz et al., 1996; 1998; 
Martinson et al., 2011; Scarbrough et al., 2005; Turner et al., 2002). Similar results have 
been reported when storing pulps and woody biomass, high moisture content enabling the 
generation of heat as well as degradation products such as methane (Xiao He et al., 2012; 
Jirjis, 1995; Larsson et al., 2012; Nurmi, 1999; Wihersaari, 2005). While the moisture 
concentration (g/g or % by weight) within biomass was considered the sole parameter, 
recent studies by Igathinathane et al have focused on the impact of humidity during 
storage and the water activity of the stored material (Igathinathane et al., 2005; 2007; 
2008; 2009), which may be expected to affect feed drying rates and correspondingly 
microbial activity. 
 
The stored biomass can be wetted by precipitation, or exchange moisture with the air and 
soil. Its exposure to the environment is thus another important parameter in storage 
stability. Location is the prime factor. The packed biomass can be stored both indoors – 
barns, storage sheds etc. – and outdoors on the field. Biomass stored outdoors is exposed 
to greater extremes of temperatures and precipitation, making location important. 






(Coblentz, 2009; Collins et al., 1995; Shinners et al., 2007b; 2009b; 2010). Another 
determinant of exposure is contact with the soil. Bales can be stored on the ground, being 
in extended contact with the soil. Alternately, they can be stored on modified surfaces 
such as crushed rock and gravel, or on elevated surfaces (pallets) built for the purpose of 
keeping the biomass away from the soil. Depending on its composition, the soil can be a 
reservoir of moisture, and biomass stored in contact with it can absorb the same, affecting 
storage stability. When comparing storage surfaces, pallets have been found to be suitable 
for biomass stability, followed by crushed rock or gravel and finally regular soil 
(Coblentz, 2009; Russell et al., 1990; Shinners et al., 2007b; 2009b). 
 
Exposure to weather and soil can be offset to different extents by wrapping the bale with 
twine, plastic mesh or sheet plastics such as tarpaulin. The wrapping helps maintain bale 
structure and limits its contact with the environment. Sheet plastics provide the best 
coverage, plastic-wrapped bales consistently showing less dry matter loss than twine or 
mesh-wrapped bales (Shinners et al., 2009b; 2009c) . As crop scale increases however, 
the cost of the plastic reduces overall profitability. 
 
While low moisture content is the chief agent behind the preservation of the forage 
material, preservative compounds can be added in case of insufficient drying. Two kinds 
of preservative agents can be added. Inhibitor compounds restrict microbial respirat ion 
and correspondingly dry matter loss, allowing for safe storage even if the hay is wetted 
after baling (Pitt, 1990). Inhibitors include propionic acid and its salts or mixtures with 






and potassium carbonate are the most commonly used agents. These chemicals are 
sprayed on forage at the time of mowing, to enhance its drying. Both act on the wax 
cuticle on plant surfaces, reducing its resistance to drying. 
 
Dry storage depends upon the absence of moisture for effective preservation. An 
alternative is to limit the presence of oxygen, which is also vital for sustained microbial 
activity. This is carried when carrying out ensilage. 
 
1.3.1.2 Ensilage: 
Aeration being necessary for continued microbial respiration, biomass can be stored wet 
when sealed away from air, either by wrapping in plastic or by storing in sealed locations. 
Ensilage or anaerobic storage is carried out at much higher moisture contents in 
comparison to hay storage, and is carried out when environmental conditions make large-
scale forage field drying difficult. The stored product is referred to as silage, the name 
derived from silos, the most commonly used storage locations for it. A combination of 
anaerobic conditions and low pH is used to prepare silages from crops sufficiently rich in 
soluble sugars, such as whole corn and stover, alfalfa, sorghum, timothy grass, 
orchardgrass, ryegrass, sorghum and sweet sorghum and barley.  
 
The harvest procedure is similar to that of forages stored dry. The crop is mowed, 
conditioned and tedded to avoid effluent production in case it is excessively wet, and 






(Shinners, 2003). Dry matter loss during the harvest is much lower compared to dry 
baling, as the crop is still substantially wet (Muck & Kung, 2007) and thus holds together 
better.  
 
Following densification, the crop is sealed from air. Under anaerobic conditions, bacterial 
fermentation begins, lactic acid bacteria being the chief microbial agents. The free sugar 
content within the wet crop is fermented into lactic and other carboxylic acids. The 
circulating acids reduce the crop pH, inhibiting further microbial activity. Ensilage thus 
preserves the majority of the crop at the cost of its free sugar content.  
 
The location where the biomass is stored has to support the maintenance of anaerobic 
conditions. The dedicated locations for storing it are termed silos. Three types of silos are 
common: 
1. Tower silos: These are steel and concrete vertical storage structures, into which 
the harvested forage is piled. The material forms a column within the tower, its 
weight compressing the base and establishing anaerobic conditions within. The 
top surface, exposed to air, dries out and forms an insulating layer. The 
compression at the base can lead to effluent production. The moisture levels of the 
packed material must be checked and adjusted beforehand to prevent this.  
2. Pressed bag silos: These are horizontal storage structures, consisting of large 
plastic bags into which the harvested forage is packed and compressed. Bag sizes 






on the field, or on concrete or asphalt surfaces. The plas tic material is susceptible 
to puncturing by birds, animals or hailstones and so must be checked regularly. 
3. Piles/Bunker silos: Silage is commonly stored on the ground (soil, concrete or 
asphalt) and covered with plastic. A variant of this method is to pile it in an 
enclosed space within two or three walls and then cover it. The resulting structure 
is called a bunker silo. Piles and bunker silos carry the lowest capital cost. 
However, due to the greater exposure, there is greater risk of spoilage and dry 
matter loss. High-density packing and high rates of removal minimize losses. 
On a smaller scale, silages can also be baled similar to hay, wrapped in plastic and then 
stored on the field or in indoor facilities. The wrapping plastic must be thoroughly 
airtight and of suitable thickness, and the bales must periodically be checked for holes 
that could let in air and leak effluent material. 
 
The crop being ensiled must be sufficiently rich in non-structural free sugars to ensure 
quick, effective fermentation and generation of preservative carboxylic acids. These 
sugars must be contained within the plant fluids so as to effectively circulate throughout 
the crop mass. Structural carbohydrates such as cellulose and hemicellulose, and storage 
carbohydrates such as starch cannot be broken down quickly (or at all) by lactic acid 
bacteria. Thus, the content of water-soluble carbohydrates within a forage species is a key 
indicator of how effectively it can be ensiled. The crop must be rich in monosaccharides 
(glucose and fructose being the most readily consumed) and disaccharides, as they are the 
most soluble (Buxton & O'Kiely, 2003; Muck & Kung, 2007). Certain polysaccharides 






plant enzymes into soluble monosaccharides and oligosaccharides which can then be 
fermented into acids (Muck & Kung, 2007).  
 
Silage moisture content significantly affects its stability and must be within a specified 
range. Given the high concentrations of sugars, ionic species and other solutes, sufficient 
water must be free for microbial utilization. The fraction of free water, termed water 
activity, (described further in Appendix A) must not be lower than 0.93 – 0.945 for lactic 
acid bacteria growth. This has been reported to correspond to water concentrations of 60% 
by weight in ryegrass and 67% in alfalfa. The growth of lactic acid bacteria and 
corresponding fermentation has been correlated to water content, reducing as the dry 
matter content of the silage mixture increases beyond 35%, and ceasing when it is 70% or 
higher (Muck & Kung, 2007). Low moisture concentrations are also reported to reduce 
the acid tolerance of lactic acid bacteria, the final pH of the silage reported as increasing 
with dry matter concentration (and thereby decreasing with moisture concentration). 
Depending upon the forage species ensiled, the final silage pH values can reach ranges of 
5.0- 5.5+ at moisture levels below 50% by weight. As a pH close to 4.0 is necessary for 
stability, this is extremely undesirable. At the other extreme, high moisture content 
enables the growth of competing microbes, particularly Clostridial species. Moreover, 
upon compaction within the silo the excessive water is lost as effluent. Soluble organic 
components are lost with the water, reducing both feed quality and local groundwater 







Another factor affecting silage stability is the ability of the crop mass to resist a change in 
pH, referred to as its buffering capacity. Of particular significance is the resistance to pH 
changes in the range 6.0 – 4.0.  This resistance has been attributed to chemical species 
within the plant biomass such as organic acids – citric, malic and malonic – and their 
salts, phosphates and orthophosphates, sulfates, nitrates and chlorides, and to a lesser 
extent to forage protein content (Buxton & O'Kiely, 2003; Muck & Kung, 2007). 
Buffering capacities vary across species, those of forage legumes in particular being very 
high. They also decline with crop maturity, the buffering chemical species being slowly 
replaced by insoluble tissue components as the plant matures. A low buffering capacity is 
desirable, as other microbes can compete with lactic acid bacteria at higher pH values.  
 
A major issue when preparing silage on a large scale is contamination by bacteria of the 
Clostridia family. Clostridial bacteria are commonly present on harvested forages as 
spores, and begin proliferation under anaerobic conditions. They can pose significant 
competition to lactic acid bacteria unless the pH of the mixture is brought down rapidly, 
as the optimal pH for their growth and functioning is 7.0 – 7.4, compared to 4.0 for lactic 
acid bacteria (McDonald, 1981). Clostridia proliferate at water activities of 0.995 or 
higher and are present when silages (or localized regions) are sufficiently wet (>70% 
moisture by weight). They can also proliferate near sufficiently aerobic zones where 
microbial respiration breaks down carboxylic acids – lactic and acetic – causing the local 
pH to rise (Muck et al., 2003). Clostridial proliferation hinders silage preservation. 
Clostridia compete with lactic acid bacteria for the available sugars, fermenting them into 






acetic and lactic acids are formed in smaller amounts. Butyric acid is weaker in 
comparison to lactic acid, as a result of which the pH drop arising from its formation is 
not sufficient to preserve the forage material. Secondly, Clostridia ferment amino acids, 
generating carbon dioxide, ammonia and degradation products (McDonald, 1981; Rooke 
& Hatfield, 2003). The release of ammonia can increase the pH, enabling further 
microbial proliferation and thus forage degradation. Thus, the consumption of amino 
acids severely reduces the forage protein content and thus its value as a feed, while the 
generation of carbon dioxide from the storage increases the silage‘s carbon footprint 
should it be used as a fuel or chemical feedstock.   
 
Similar to hay, propionic acid mixtures and ammonia can be added to silage to help 
preserve it. Cellulases and hemicellulose enzymes can also be added so as to slowly 
break down structural carbohydrates for further acid fermentation (Pitt, 1990).  
Ensiling has gained some attention in the preservation of biomass for conversion to 
biofuel, as the extended presence of acid helps break down lignocellulose, making it 
more vulnerable to breakdown. The use of ensilage as an early pretreatment has been 
reported with sweet sorghum by Henk et al (1994).  
 
1.3.2 Storage Losses and Biomass Quality Changes  
Following the identification of parameters impacting microbial activity and thus storage 
loss, it is necessary to evaluate the impacts of storage loss on the quality of the feed. 






feed, specifically the fraction remaining. Forage studies again provide a suitable 
background to examine storage impacts.  
 
1.3.2.1 Storage Losses: Forage Background 
Carbohydrates are preferentially consumed by microbes upon respiration, nonstructural 
sugars accounting for the maximal fraction of the dry matter lost during storage (Moore 
& Hatfield, 1994; Rotz & Muck, 1994). Structural carbohydrates and proteins are 
consumed subsequently. Lignin is consumed least preferentially, due to its hydrophobic 
nature and phenolic composition. Forage studies report dry matter loss as increasing the 
proportion of ‗fiber‘ components i.e. cellulose, hemicellulose and lignin, indicated 
through fiber metrics – NDF (Neutral Detergent Fiber), ADF (Acid Detergent Fiber) and 
ASL (Acid Soluble Lignin) – and decreasing the feed digestibility. 
 
Coblentz et al and Shinners et al both reported increases in NDF and ADF concentrations 
in alfalfa hay stored baled at high moisture, significantly also reporting a decrease in in -
vitro dry matter indigestibility (Coblentz et al., 1996; Shinners et al., 1996). The former 
also reported losses in non-structural sugars (Coblentz et al., 1997) when storing alfalfa. 
Similar results were reported for the storage of baled bermudagrass (Coblentz et al., 2000;  
Turner et al., 2002) and orchardgrass (Martinson et al., 2011). The impact of dry matter 







The loss of free and non-structural sugars can be expected to increase the proportion of 
cellulose and hemicellulose, structural carbohydrates that are chemically bound to lignin. 
Lignin content has been identified as increasing indigestibility in forages (Akin, 1989; 
Besle et al., 1994; Chen et al., 2003; Guo et al., 2001; He et al., 2003; Jung & Deetz, 
1994) due to the steric impedance it provides to digestive enzymes, its hydrophobic 
nature, and its generation of toxic phenolic compounds upon breakdown (Jung & Deetz, 
1994). These issues are very similar to those faced when carrying out bio-based 
breakdown of lignocellulose for fuels and chemicals. Indeed, Fahey et al proposed post -
harvest physical and chemical treatments of forage material to increase its digest ibility in 
the target ruminant (Fahey et al., 1994).  
 
In summation, forage data indicates high dry matter losses to primary cause high losses 
of the more easily accessed carbohydrates, leaving behind the more resistant sections of 
biomass i.e. cellulose, hemicellulose and lignin. The remaining biomass is likely to be 
more recalcitrant towards biological breakdown. 
 
1.3.2.2 Biomass Storage: Forage Data Limitations  
The background established by the forage industry provides detailed knowledge of the 
impact of different storage parameters, the likely composition change arising from 
extensive microbial respiration and dry matter loss as well as the resistance of the 
remaining material that is to be broken down. Several uncertainties however exist when 







Forage characterization is largely based on fiber metrics – NDF, ADF and ASL – that 
indicate the content of cellulose, hemicellulose and lignin (Moore & Hatfield, 1994). 
Given the specific applications of biomass components in the biorefinery, it is necessary 
to be aware of the exact composition of biomass on a dry mass basis. It is thereby 
necessary to also ascertain the changes in composition – especially the content of 
cellulose, hemicellulose and lignin – brought about by the storage process.  
 
Secondly, the role of composition in causing biomass recalcitrance – the resistance to the 
separation, extraction and subsequent enzymatic depolymerization of lignocellulosic 
carbohydrates – is not entirely certain. Lignin is a major factor due to its binding 
cellulose and hemicellulose and shielding both from enzymatic attack (Adani et al., 2011; 
Kumar et al., 2012; Lynd et al., 1999; Zhao et al., 2012a), which necessitates biomass 
pretreatment (Mosier et al., et al., 2005c). Moreover, several pretreatments, such as dilute 
acid, steam and controlled-pH liquid hot water treatments break down lignin into 
phenolic monomers and oligomers that are toxic to enzymes and biocatalysts (Klinke, 
2004; Ximenes et al., 2011; Ximenes et al., 2010; Zhao et al., 2012a). Lignin content has 
been held as the major impedance in the breakdown of cellulosic biomass (Chapple et al., 
2007; Lionetti et al., 2010; Santos, Lee, Jameel, Chang, & Lucia, 2012; Studer et al., 
2011; Zhao et al., 2012a). Recent studies however, indicate lignin content alone as 
insufficient in predicting biomass resistance. Yu et al and Ishizawa et al reported 
delignification as increasing cellulose hydrolysis yields until lignin content reached an 






2011) or a negative impact on hydrolysis (Ishizawa et al., 2009). Similarly, when 
comparing multiple pretreatment methods for dead pine, Rio et al reported acidic 
pretreatments as producing more digestible material than alkaline treatments, even 
though the latter removed a larger fraction of the constituent lignin (Rio, 2010). Most 
significantly, Rollin et al (2011) compared switchgrass pretreated by soaking in aqueous 
ammonia and by the COSLIF method (Cellulose Solvent and Organic Solvent-based 
Lignocellulose Fractionation). Ammonia soaking strongly delignified the switchgrass, 
removing ~74% of acid-insoluble lignin present, while the COSLIF method removed 
~34%. The latter however exhibited close to 80% glucan digestibility at low enzyme 
loading, while the former showed approximately 45% digestibility under enhanced 
hydrolytic conditions. Upon examination for cellulase accessibility, estimated through 
enzyme adsorption, COSLIF-pretreated switchgrass was observed to have greater 
accessibility, despite its higher lignin content. The findings indicate that it is the 
particular structure of lignin, as opposed to its content, that affects its impedance of 
hydrolysis. Thus, while composition changes provide an indication as to the likely 
recalcitrance, the latter must be established empirically, and investigated on the basis of 
biomass structure as well.  
 
Thirdly, forage studies have largely lacked time-variant analysis, focusing on the end-
point quality of the stored biomass, and thereby the influence of storage parameters on it. 
Biomass storage duration can be highly variable, based on technological and economic 
factors, and thus time is an important storage parameter to evaluate. Moreover, the 






a greater degree than is present. Particularly in case of moisture content, a major 
limitation is the absence of continuous data gathered throughout storage experiments. 
Moisture is exchanged between biomass and the surrounding environment, air or soil, the 
transfer affected by exposure, temperature, environmental moisture content (humidity or 
soil water content), aeration and the mass-transfer dynamics resulting from biomass 
packing density. When estimating the role of moisture, the dynamics of exchange must 
also thus be accounted for, necessitating a time-dependent storage study with precise 
control on biomass moisture content and exchange. 
 
The above factors present the need for a time-dependent study tracking composition 
changes as a result of storage parameters, as well as examining the structural changes in 
stored biomass and investigating their connection to composition change and 
correspondingly storage parameters. The objective of the present study is to address this 
particular knowledge gap. 
 
1.3.3 Storage Hypotheses 
The objective of the present study is to examine the impact of storage temperature, 
moisture and duration, under aerobic conditions, upon the quality of lignocellulosic 
biomass. Quality is defined by the amount and ease of sugar release by enzymatic 
hydrolysis of the biomass. In order to accomplish this, a material balance tracking 
changes in chemically defined components (glucan, xylan, and lignin) was performed for 
three types of biomass (sweet sorghum bagasse, corn stover, and switchgrass). The 






and after storage and with or without liquid hot water pretreatment prior to enzyme 
treatment. Based on the knowledge developed in the forage industry, three hypotheses 
predicting how storage temperature, moisture, and time affect biomass quality were 
developed. 
 
The first hypothesis is that biomass stored aerobically will show significant dry matter 
loss when its moisture content is greater than the threshold of 20-25% w/w. The moisture 
content threshold can be expected to depend upon the biomass chemical composition, 
being the moisture concentration establishing water activities ranging 0.8-0.9 or higher.  
 
The second hypothesis is that carbohydrates will be preferentially consumed, and will 
thus constitute a substantial fraction (<50%) of the dry matter loss observed. In 
comparison, lignin consumption will be much lower. Dry matter loss can be expected to 
result in a change in biomass composition, wherein the fraction represented by 
carbohydrates (% w/wdry) will be unchanged or reduce, while the lignin fraction will 
increase. Among the carbohydrate fractions, free sugars (mono- and disaccharides) can 
be expected to be consumed the fastest due to their accessibility and ease of metabolism 
by microorganisms, followed by hemicellulose and cellulose.  
 
The final hypothesis is that the release of glucose upon pretreatment and hydrolysis will 
be reduced for biomass that has undergone storage losses, due to the preferential 
consumption of carbohydrates and enrichment of lignin. Lignin plays chemical and 






reduce forage ruminal digestibility. As the composition of the biomass affects the impact 
pretreatment has on it, it is likely that biomass that has undergone significant storage 
losses will undergo bioprocessing differently from the original material. 
 
The remainder of this dissertation discusses the design of the experiments, the methods of 







CHAPTER 2. MATERIALS AND METHODS 
2.1 Biomass Storage: Feedstock Preparation, Experimental Design & Storage Setup  
The present study was based on the storage of three different feedstocks, each of which 
was harvested, prepared and stored under specific conditions. Each storage experiment 
tested specific parameters for their impact on the biomass. Presented below is a 
description of the feedstock used, the pre-storage preparation, storage conditions and the 
parameters tested.  
 
2.1.1 Sweet Sorghum Bagasse: Aerobic and Anaerobic Storage 
2.1.1.1 Experimental Design: 
Moisture content and exposure to oxygen were the varied parameters when storing sweet 
sorghum bagasse. Bagasse stored aerobically dry (12.3% w/w moisture) was contrasted 
with aerobic wet bagasse (25.5% w/w moisture) as well as bagasse ensiled (68.7% w/w 
moisture). All three were stored for a period of 24 weeks in the same location and at the 
same temperature.  
 
2.1.1.2 Feedstock preparation: 
The biomass used in the experiment was derived from Keller and Sugardrip variants of 






 Extension (ACRE), and fertilized in the spring with a nitrogen treatment of 224 kg-
N/hectare. 
 
Sorghum from both Keller and Sugardrip variants was used to generate biomass for the 
aerobic treatments. The crop was harvested by hand in October 2010, by cutting 6 inches 
above the soil removing grain heads. Stalks were pressed to remove the juice with a small 
two-roller press and spread in a single lay on turf to dry in the sunlight. After drying on 
the turf for three days, the bagasse remnant was moved to a pavement section and dried 
for an additional three days to a final moisture content of 15.8% moisture by weight, 
upon which it was shredded in a yard waste chipper.  Sorghum silage (anaerobic 
treatment) was prepared from Keller variants alone, which were harvested and crushed as 
described above, and shredded at 68.7% moisture w/w.   
 
2.1.1.3 Storage setup: 
Following the shredding process, sorghum bagasse was either dried further or re-wetted 
to the target moisture levels. Bagasse stored aerobically at low-moisture was prepared by 
allowing the shredded material to dry further to 12.3% w/w moisture. Aerobic high-
moisture bagasse was prepared by re-wetting the shredded material (15.8% moisture). 
Samples of shredded bagasse were gathered in buckets and mixed with water, 355 mL 
water being added to 2.7 kilograms of bagasse. The mixing was calculated to bring the 
moisture content to 25.5% w/w. No wetting or drying was carried out for 






Moisture content was measured using a custom-made portable drying tube that can be 
fitted with a hairdryer. The assembly obtained from the laboratory of Prof. D. 
Buckmaster at the Department of Agricultural & Biological Engineering, and was 
developed by him (Buckmaster, 2005). Samples of biomass were weighed and transferred 
into the tube, following which the hairdryer was fitted and hot air circulated through the 
tube, drying the biomass for 5-10 minutes, following which the biomass was re-weighed. 
The process was repeated until the measured biomass weight was unchanging. The 
difference between this final weight and the initial provided the weight of moisture in the 
biomass. By measuring moisture contents at the start and end of the storage process, the 
dry matter loss was calculated.  
 
2.1.1.3.1 Aerobic treatments 
Biomass was packed into mini-bales using a modified Earthquake
®
 W-1000 log-splitter 
(Earthquake, Cumberland, WI) with an enclosed cylindrical baling chamber. A plastic 
trash packer bag was placed inside the packing chamber, into which the wet sorghum 
samples were packed. After being compressed twice for 5-10 seconds, bags were 
extracted from the packing chamber and immediately wrapped with twine to maintain 
density. Mini-bales were 33-35 cm in height and 17-24 cm in diameter, with initial dry 
densities of 136-280 kg/m
3
. Four 6-inch slits were cut into each bag to allow air exchange, 







2.1.1.3.2 Anaerobic treatments:  
Sorghum bagasse was pressed into mini-bales as described above, which were then 
loaded into silage bags, made from 18-inch (0.4572 m) diameter 6-Mil (0.1524 mm 
thickness) polyethylene tubing, cut to 0.5-metre length and sealed at the ends using a 
propane blowtorch. Mini-bales were double bagged to prevent leakage. Tedlar
®
 bag gas 
valves (Sigma Aldrich, St. Joseph, MO) were installed in each bag prior to sealing. The 
outer layer was fitted with a gas valve and sealed, and air drawn out of the bags through 
the valves, using a vacuum pump. Each mini-bale contained approximately 4 kilograms 
of wet bagasse, the moisture content being 68% w/w at the time of packing. Silage mini-
bales were consistent, having dimensions of 28 cm (height) x 16 cm (diameter), and 




The bags were stored in the basement of Potter Engineering Center at Purdue University. 
While not continuously monitored, room temperature was maintained nearly constant at 
20 °C. Aerobic treatments were sampled at 8 and 24 weeks, while silage was sampled at 
24 weeks alone. Dry matter content was calculated by measuring total bale weight and 
moisture content, the latter in triplicate. At least three samples from each treatment were 
analyzed for composition changes.  
 
2.1.2 Corn Stover Storage 
Corn stover was obtained from Isaac Emery at Purdue University, having been used in 







2.1.2.1 Feedstock preparation: 
Stover was collected by hand on the 5
th
 of November 2012, one day after grain harvest, 
from the Throckmorton-Purdue Agricultural Center (TPAC) in Tippecanoe County, 
Indiana. Stover moisture was measured on the 8
th
 of November, and varied from 35.4 – 
56.1%. Biomass was allowed to air dry indoors to 13.1%, and re-wetted for storage 
treatments.  
 
2.1.2.2 Storage setup: 
A small steel baling column, based on designs by Coblentz et al (1993) and a hand crank 
press were used to generate laboratory-scale samples, 10.4 x 10.4 cm depth x height and 
11 to 14 cm in length.  For each sample, roughly 350 g biomass (dry weight) was 
sampled from bulk storage. From this, 3 subsamples of at least 25 g were bagged and 
dried for moisture content determination, and 3 additional subsamples of 10 to 30 g were 
wrapped in plastic mesh and placed with the main sample in a biomass reactor (See 
Emery et al (Emery, 2013) for further detail). 
 
The biomass was stored in 7.57-liter plastic containers fitted with airtight lids (Gamma 
Squared, Carlsbad CA). Stover samples were placed on perforated shelves within the 
containers. Saturated salt solutions with excess salt were placed below the shelves to 
control the humidity within the container. The containers were placed in temperature-
controlled rooms and biomass stored therein for eight weeks. Stover samples were 






measured through the ASABE S 358.2 protocol (ASABE, 2012). Samples showing high 
dry matter loss were subjected to composition analysis and bioprocessing. The samples 
used in the present study were stored at 35 °C and a water activity of 0.97.  
 
Stover had not been milled prior to packing. Following dry matter loss estimation, the 
samples analyzed were shredded for 30 seconds in a food processor and sieved through a 
0.25-inch screen. For comparison, pre-storage stover was similarly treated. Shredded 
samples were compared for composition and bioprocessing performance.   
 
2.1.3 Switchgrass: Aerobic Storage 
2.1.3.1 Experimental design: 
The objective of the experiment was to investigate the impact of temperature and water 
activity on switchgrass quality. At least three levels of each parameter were included in 
the design, to as to establish with maximum clarity their role in storage and the resulting 
degradation. Storage duration also governing the changes in quality, four levels of 
duration (in weeks) were incorporated into the initial design, shown in Figure 2.1. The 
experiment was carried out from July 2012 – February 2013. Samples of switchgrass 
containing 100 dry grams each constituted the replicates for each cell.   
 
The temperature levels, in degrees Celsius, were chosen to reflect seasonal averages at 
different times of the year. Temperature has a non-linear impact on microbial growth; the 






with temperature till the latter reaches an optimal value (Huang et al., 2011). Because of 
the non-linear effect, as well as the diurnal fluctuations in temperature, the levels were 
separated by at least ten degrees Celsius.  
 
Water activity was chosen as a parameter to control for the loss of moisture to the 
atmosphere. To establish a dynamic moisture equilibrium, the water activity of the 
storage atmosphere was maintained at the same level as the biomass. Water activity 
levels were chosen to gradually increase the likelihood of microbial activity, as well as 
the range of microbial families capable of surviving and growing on the biomass (See 
Appendix A). Microbial activity being absent at water activities below 0.5, 0.65 was 


















2.1.3.2 Feedstock preparation: 
The switchgrass (P. virgatium) ecotype known as ―Shawnee‖ was cultivated at the 
Throckmorton-Purdue Agricultural Center in May 2007. No-till seeding was carried out, 
at the rate of 18 kg.hectare
-1
. From the second year of cultivation onwards, the crop was 
treated annually with 84 kg.hectare
-1
 of nitrogen, in the form of Agrotain
TM
-treated urea. 
The crop was harvested each year in the fall, and allowed to grow again.  
 
The biomass used in the storage experiment was harvested in November 2011, at the end 
of the fourth growing season after establishment. The standing crop was cut with a Carter 
flail-type chopper (Carter Manufacturing Co., Brookston, IN) chopper, piled on the side 
of the field and collected by hand the same day. At the time of harvest, switchgrass 
moisture content ranged from 25 – 32%. Harvested switchgrass was stored indoors in 
Ace
®
 30-gallon yard waste paper bags (Ace Hardware, Oak Brook, IL). The switchgrass 
moisture content declined to 10% by the first week of December. Switchgrass was stored 
until February 2012, when it was sampled for composition analysis.  
 
To standardize the particle size range, dried switchgrass was milled through a 0.25-inch 
screen in a hammer mill. The hammer mill, belonging to Dr. K. Ileleji at Purdue 
University Department of Agricultural & Biological Engineering, was a product of Glen 
Mills Inc. (Clifton, NJ). It consisted of 11 swinging hammers and was fitted with a 2-
Horsepower (230 V, 3-phase) Speedmaster Adjustable Speed AC Motor (Leeson Electric 
Corporation, Grafton WI) (Further details available in Probst et al, 2013). The milled 
product was subsequently sieved in a Vibroscreen
®






Corporation, Millburn NJ), and the material retained between meshes of opening size 
0.20-inch (No. 4 mesh) and 0.034-inch (No. 20 mesh) used for the experiment.  
 

























2.1.3.2.1 Switchgrass Sample Preparation:  
Milled and sieved switchgrass was wetted to the levels listed in Table 2.1 by equilibrating 
with deionized water for 48 hours (Described in Appendix C). Moisture content was 






made from perforated sheet plastic. Polyethylene plastic mesh (Opening s ize 0.06‖x0.06‖) 
was purchased from McMaster-Carr (Chicago IL), and cut into sheets of approximately 
33 cm x 36 cm dimensions. Each sheet was rolled along its length into a tube and a 
plastic cable tie attached 1-2 cm from one end to seal it. The resulting assembly was 
labeled and weighed, together with a second plastic tie, on a Mettler PE 3600 Delta 
Range scale (Mettler-Toledo, Columbus OH) and the weight noted. The scale was then 
tared and wetted switchgrass loaded into the tube until the necessary weight was reached 
(calculated from switchgrass moisture content). The tube was then sealed with the second 
plastic tie and the weight of the entire assembly measured and noted. Following 
preparation, samples were stored at 4 °C in sealed vessels or zipper storage bags before 
being transferred into the buckets for the storage experiment. 
 
2.1.3.3 Storage setup: 
Biomass storage was carried out in 6.5-gallon plastic buckets with screw top lids, 
purchased from Purdue University stores. Two 0.25-inch diameter holes were drilled into 
each bucket lid to allow air exchange. Three buckets were used for each combination of 
temperature and humidity, each bucket containing 6 switchgrass samples. Single samples 
were randomly sampled from each bucket at the relevant time points, and analyzed for 
dry matter loss and composition change.  
 
The switchgrass samples were stored on shelves made from flexible perforated 






shelves were fitted halfway down the height of the bucket, partitioning it in two and 
allowing exchange of air between the partitions (Figure 2.2.). Saturated salt solutions 
(0.75 – 1 liter) were loaded into the lower partition (Table 2.2.). Potassium iodide, 
sodium bromide and strontium nitrate were purchased from Sigma Aldrich (St. Louis, 
MO). The remaining salts were purchased from Purdue University Stores (Purdue 
University, West Lafayette, IN) 
 
The solutions establish moisture equilibrium with the air, controlling its relative humidity 
(Greenspan, 1977; Igathinathane et al., 2005) and thereby controlling moisture migration 
to and from the wetted biomass. Pure water (Reverse-osmosis or deionized) was used to 
maintain the relative humidity of 99%. 
 
To control temperature, the buckets were placed in temperature-controlled rooms at 
Purdue University West Lafayette campus. Low temperature storage was carried out in a 
cold-storage chamber set to 45 °F (7.2 °C) at the Philip E. Nelson Hall, housing the 
Department of Food Science. A subsequent set of trials was carried out in refrigerators at 
the Potter Engineering Center. Mid-temperature storage was carried out in a temperature-
controlled bay room at the Department of Agricultural and Biological Engineering 
Building, set to 20 °C. High temperature storage was carried out at the Department of 
Agronomy grain drying lockers set to 35 °C in Lilly Hall at Purdue University. Three 




















To monitor variation in temperature and humidity, Acu-Rite Home Comfort monitors 
purchased from Amazon.com (Seattle, WA) were placed in each bucket. Readings from 
the sensors were logged on a weekly/bi-weekly basis. In case of drops in humidity, the 
buckets were opened and water added to the salt solution. Biomass samples were stored 
under these conditions and sampled at 1, 2, 4 and 8 weeks.  
 
2.1.3.4 Sampling: 
Samples were randomly drawn at the time points described in the design, one per bucket. 
Each sample was removed, and weighed on the same Mettler PE 3600 scale as when 
being prepared. The contents were then transferred into a plastic zipper storage bag and 






moisture content measured using a HB43-S Halogen Moisture Analyzer (Mettler-Toledo 
LLC, Columbus, OH) instead of the ASABE Standard (Method validation in Appendix 
B.1).  Using the recorded data from the start of the experiment, the change in dry matter 
was calculated for each bale. The contents from samples gathered at a particular time 
point were examined further if they showed a dry matter loss greater than or equal to 5% 
since the previous sampling point, for that given combination of temperature and water 
activity.  
  







(Saturated when applicable) 
<10 
65 Sodium bromide 
75 Sodium chloride 
85 Potassium chloride 
99 Water 
20 
65 Potassium iodide 
75 Sodium chloride 
85 Potassium chloride 
99 Water 
35 
65 Potassium iodide 
75 Sodium chloride 








2.1.3.4.1 Microbial Activity Estimation: 
Samples of the stored switchgrass were analyzed through isolation plating and incubation 
at the Purdue Plant & Pest Diagnostic Laboratory, and examined for the fungal species 
growing. Two types of cultivation were carried out, as described below: 
1. Cultivation: The samples were incubated at 24-25 °C in a near 100% humidity 
chamber consisting of a clear airtight plastic box with a water soaked paper towel 
at the bottom. Over this a layer of screen wire was placed to support the plant 
tissue and prevent direct contact with the water. The samples were checked for 
fungal growth at 2, 3 and 4 days after incubation.  
2. Isolation plating: Approximately 1 teaspoon of non-surface sterilized plant tissue 
was plated onto quarter-strength Potato Dextrose Agar loaded with antibiotics. 
The plates were wrapped with Parafilm
TM
 and incubated under fluorescent lights 
and checked for fungal growth at 2 and 3 days. 
The fungi cultivated in this manner were identified through microscopic examination and 
identification of fungal fruiting structures. 
 
2.2 Sample Analysis: 
Following the establishment of dry matter loss, samples were analyzed for composition 
change, to establish a mass balance for the dry matter lost. They were subsequently 
subjected to bio-based breakdown to examine if the dry matter loss impacted feed 







2.2.1 Composition Analysis: 
The analytical procedures developed by the National Renewable Energy Laboratories 
(NREL), termed LAPs, were used to determine the composition of original switchgrass 
and stored switchgrass (Sluiter et al., 2010). The sequence of operations is shown in 
Figure 2.3. Key steps are described below: 
1. Water/Ethanol wash (LAP 010 (Sluiter et al., 2008)): Biomass milled to pass 
through a 40-mesh (0.42 mm) screen was loaded into Whatman
TM
 cellulose 
thimbles purchased from Sigma Aldrich (St. Louis, MO) and the weight and 
moisture content of the switchgrass recorded. The thimble was then loaded into a 
Soxhlet extractor apparatus including a pre-weighed round-bottom flask 
containing 190 ml of deionized water. The Soxhlet wash was carried out for 8-12 
hours following which the water was removed for analysis, and replaced with 190 
ml of 95% ethanol. The wash was then continued for 24 hours, after which the 
flask containing the ethanol wash was subjected to rotary evaporation to remove 
the ethanol. The weight of the solubles dissolved in ethanol was determined 
through weighing the dried flask and comparing it to the original recorded weight. 
Using the recorded dry weight of loaded biomass, the fraction of ethanol soluble 
compounds was determined. Similarly, high performance liquid chromatography 
(HPLC) analysis was used to determine the concentration of concentration of 
water solubles such as sugars and lactic acid, following which their mass and thus 
fraction by dry weight was calculated. The washed biomass was then dried and 







When carried out with original switchgrass, the above step revealed the 
proportion of solubles to be low (<5% in total), and was not performed when 
analyzing stored switchgrass samples.  
2. Acid hydrolysis (LAP 002 (Sluiter et al., 2012)): 0.3 gram of washed biomass 
was loaded into 100 ml Pyrex tubes and incubated at 30 °C with 3 ml of 75% w/w 
sulfuric acid for 2 hours. 84 ml of deionized water was added to the tubes, which 
were sealed and autoclaved at 121 °C for one hour. After cooling, each tube‘s 
contents were filtered, using a Buchner flask fitted with a labeled, pre-weighed 
suction crucible and connected to a vacuum pump. The filtrate was analyzed 
through HPLC for glucose, xylose, arabinose and acetic acid. The liquid volume 
being known (87 ml), the masses and subsequently fractions by dry weight of 
glucan, xylan, arabinan and acetate were determined. By examining the 
absorbance of the filtrate liquid at 320 nm, relative to 4% sulfuric acid as a blank, 
the proportion of acid soluble lignin was determined.  
3. Insoluble lignin determination (LAP 002): Following the filtration, the 
crucibles (containing residue) were heated overnight in a 105 °C oven, cooled for 
an hour in a desiccator and weighed on a Denver M220D balance (Denver 
Instruments, Bohemia, NY) to the fourth decimal place, the process repeated until 
three weights were obtained with a consistency of 0.001 grams. The crucibles 
were then flamed until all present carbon was burned, heated in a 575 °C oven for 
at least 6 hours, cooled subsequently for 4 hours in a desiccator and weighed to 
the fourth decimal place. This process, termed ‗ashing‘ was repeated until two 






been carried out with empty crucibles. By comparing the three sets of weights, the 
insoluble lignin content was calculated.     
Combining the compositions of original and stored switchgrass with the observed dry 















































Figure 2.3. Laboratory Analytical Procedure sequence developed by NREL 






2.2.2 Bioprocessing:  
Both the original and switchgrass were subjected to pretreatment – a thermochemical step 
designed to improve cellulose accessibility to cellulase – and subsequently to enzymatic 
hydrolysis. Both steps are described in further detail below.  
 
2.2.2.1 Liquid Hot-water pretreatment: 
Biomass was subjected to liquid hot water pretreatment, as developed by the Laboratory 
of Renewable Resource Engineering (LORRE) at Purdue University (Kohlman et al., 
1998; Mosier et al., 2005a). Pretreatment was carried out in 316 stainless steel tubes with 
an outer diameter of 1 inch (2.54 cm) and thickness of 0.083 inches (2.1 mm), capped at 
either end with 1 inch (2.54 cm) Swagelok tube end fittings (Swagelok, Indianapolis, IN) 
and having an internal volume of 45 ml. Biomass and water were loaded into the tubes so 
as to occupy a volume of 33.75 ml, leaving 25% of the headspace for expansion during 
the heat up. Assuming the pretreated slurry to have a density equal to water (1 g/ml), the 
final weight of the mixture loaded was 33.75 gm. Biomass dry solids content having been 
determined beforehand, water was added so as to give the mixture a dry solids content of 
15% (w/w basis). Following the loading of the mixture, the tube was sealed, the cap 
tightened with a wrench. The assembly was then immersed in a Techne SBS-4 Fluidized 
Bath (sandbath) (Techne c/o Bibby Scientific US, Burlington NJ) and heated, the optimal 








The optimal hot water pretreatment conditions for switchgrass were reported by Kim et al 
(2011a) as 200 °C for 10 minutes. For comparison with the switchgrass, corn stover 
stored and analyzed separately was pretreated as well. Based on the optima reported by 
Mosier et al (2005b), corn stover was pretreated at 190 °C for 15 minutes. Tube 
temperature profiles developed earlier were used to determine the time necessary for the 
contents to reach the desired temperature. Accordingly, the tubes were immersed for 7 
minutes and 40 seconds in addition to the pretreatment time noted above. Following the 
pretreatment, tubes were cooled in cold water and opened to extract pretreated materials.  
 
2.2.2.1.1 Pretreatment Fractionation Analysis: 
Following the first pretreatments performed on original and stored biomass, a mass 
balance was developed for the carbohydrates and lignin and their fractionation into the 
solid and liquid phases. Samples were pretreated in triplicate when developing this mass 
balance for original and stored biomass. The process is described in further detail below.  
 
Vacuum filtration assemblies were set up, consisting of a vacuum flask fitted with a 
Buchner funnel containing a Whatman
®
 No. 5 filter paper and connected to a vacuum 
pump. Following pretreatment, the tubes were opened and their contents emptied onto the 
filtration assembly to separate pretreated solids and liquid.  
 
Pretreatment liquid was analyzed through an NREL analytical procedure (LAP 14). 






liquid/acid ratio of 1:0.0335. Vials were sealed and autoclaved at 121 °C for one hour, 
following which their contents were filtered and analyzed through HPLC, together with 
filtered samples of the original pretreatment liquid. The concentrations of 
monosaccharides – glucose, xylose and arabinose – and sugar degradation products – 
furfural and hydroxymethyl furfural –within the autoclaved samples were used to 
calculate the net carbohydrate content present the liquid fraction. By comparing 
concentrations between autoclaved and original pretreatment liquid samples, the 
oligosaccharide content within the liquid fraction was calculated.  
 
Following the removal of pretreatment liquid samples, hot deionized water was added to 
the solids to remove all solubles still present through the vacuum filtration process. Solid 
samples were washed thrice, each wash with 100 ml boiling deionized water. Washed 
solids were dried overnight at 45 °C and milled to pass through a 40 mesh screen. Milled 
solids were then subjected to NREL LAP 002 described above, to determine the 
carbohydrate and lignin content within the solid fraction. Combined with the liquid 
concentration data, a mass balance was developed for the pretreatment process.  
 
The mass balance was required to estimate the extent of carbohydrate – glucan and xylan 
– solubilization, the generation of potential inhibitors through pretreatment, and the final 
composition of washed pretreated solids. Following the mass balance calculations, 
biomass samples – original and stored – were pretreated and washed solids subjected to 







2.2.2.2 Enzymatic hydrolysis: 
Following composition analysis, the washed (non-dried) solids prepared after 
pretreatment were hydrolyzed using cellulase and ß-glucosidase enzymes. Glucose 
release was compared between original biomass (untreated), the washed pretreated solids 
of original biomass, stored biomass (untreated) and the washed pretreated solids of stored 
biomass.  
 
Biomass was loaded into tared 250 ml Nalgene
TM
 screw-cap plastic bottles (Nalge Nunc 
International Corporation, Rochester, NY), the mass loaded corresponding to 1 dry gram 
either of original biomass or washed pretreated solids. The bottle content mass was then 
made up to 100 gm by adding 50 mM sodium citrate buffer (pH 4.8, 0.2% w/v sodium 
azide), generating a dry solids concentration of 1% w/w for hydrolysis.  Enzymes were 
then added to each bottle. All hydrolyses were carried out in triplicate.  
 
The hydrolysis was carried out using NS22086 acquired from Novozymes Bioenergy 
(Novozymes A/S, Denmark) as the cellulase, and Novozyme 188 (catalogue no. C6105) 
purchased from Sigma Aldrich (St. Louis, MO) as the cellobiase. Cellulase was added to 
a final concentration of 50 Filter Paper Units (FPU) gm-glucan
-1
 and cellobiase to a 
concentration of 130 Cellobiase Units gm-glucan
-1
, the final total protein concentration 
being 109.6 mg-protein/g-glucan.  
 
Following enzyme addition, bottles were closed and placed in a New Brunswick G24 






50 °C and 200 rpm. Liquid samples of 1.0 – 2.0 ml were taken from each bottle just 
before incubation, and 24 and 48 hours after incubation. Samples were filtered using 
syringes fitted with 0.2 µm filters and stored in labeled Eppendorf vials at -20 °C. 
 
Hydrolysis samples were examined for glucose concentration using a ReliOn
®
 Confirm 
blood glucose meter (Walmart, Bentonville, AR), fitted with ReliOn
®
 Confirm/Micro test 
strips (Method validation in Appendix B.2). Upon significant glucose generation, they 
were analyzed through HPLC for exact glucose and xylose concentrations. Using the 
composition data developed earlier, hydrolysis glucan and xylan yields were calculated, 
the former used as the metric of effective bioprocessing.  
 
2.2.3 High Performance Liquid Chromatography: 
Concentration data developed throughout the various experiments was generated through 
HPLC analysis. A description of the equipment used and analytical methods involved is 
presented below. 
  
The HPLC assembly used consisted of a Waters 2414 Refractive Index Detector (Waters 
Corporation, Milford, MA), an Aminex
®
 HPX-87H 300 x 7.8 mm column (Bio-Rad 
Laboratories, Hercules CA) and an Alliance Waters 2695 Separations Module (Waters 
Corporation, Milford, MA). Column temperature was maintained at 65°C. 5 mM H2SO4 







Samples were analyzed for two sets of compounds. Composition samples, generated from 
the NREL LAP experiments, were examined for glucose, xylose, arabinose and acetic 
acid. Pretreatment and hydrolysis samples however were examined for citric acid (buffer), 
cellobiose, glucose, xylose, arabinose, acetic acid, hydroxymethyl furfural and furfural. 
Standards were prepared for each set of compounds. Standard set readings were all within 
5% of the actual concentration (Refer Appendix D). Using linear standard curves 






CHAPTER 3. RESULTS AND DISCUSSION 
3.1 Effect of Storage Parameters on Biomass Losses during Aerobic Storage 
The seasonal harvest of cellulosic biomass for the purpose of year-round conversion into 
biofuels and chemicals necessitates medium- to long-term storage. The storage of 
cellulose-rich biomass has been studied at length in the forage and animal feed industry, 
which provides a suitable knowledge background. Stored biomass is vulnerable to 
microbial decay, resulting in consumption of biomass components at different rates. Free 
and non-structural carbohydrates are consumed preferentially, and have been reported to 
account for the highest fractions of dry matter losses by Rotz et al (1994) and Moore et al 
(1994). Proteins and structural carbohydrates are subsequently consumed. Due to its 
chemical and physical recalcitrance, lignin is reported as consumed with least preference, 
and is enriched upon storage loss.  
 
As a result of the differential consumption rates, storage losses can be expected to reduce 
both the concentrations of the components of interest (free and structural carbohydrates) 
of biomass and their extractible yield (g/g-dry), due to the enrichment of the recalcitrant 
fractions. This is indicated in forage analyses, which show stored feeds to have higher 
concentrations of fiber components – Neutral Detergent Fiber (NDF), Acid Detergent 






 hemicellulose and lignin – and lower digestibility (measured in-vitro and in-vivo). As 
forage composition metrics are not chemically well defined and non-additive – NDF, 
ADF and ASL denote overlapping fractions, as do Crude Protein and Acid Detergent 
Insoluble Nitrogen – it is necessary to estimate the precise losses of specific biomass 
components upon storage. The objective of this study was to develop a material balance 
around components of interest – free and structural carbohydrates and lignin – and track 
their changes upon storage.       
 
The present study utilized feedstocks generated from three grass species – sweet sorghum, 
corn/maize and switchgrass. All three are agronomically important grasses that can be 
cultivated seasonally in large amounts for conversion into biofuels. Due to their projected 
importance, it is important to evaluate the impact of storage on their quality. The results 
from the storage of the chosen feedstocks are presented below.   
 
3.1.1 Aerobic and Anaerobic Storage: Sweet Sorghum Bagasse  
Sweet sorghum is traditionally stored for short intervals between harvest and juice 
extraction, as the soluble sugars are vulnerable to microbial fermentation. Eiland et al 
(1983) reported the loss of up to 50% of the soluble sugar content in 4-6 days after crop 
harvest. Bellmer et al (2008) and Lingle et al (2013) both reported rapid drops in pH in 
sweet sorghum following harvest, attributed to fermentative acid generation. Due to the 
high soluble sugar content, ensilage has been used to preserve harvested sweet sorghum 
or bagasse remnants. When storing sorghum for biofuel feedstock, ensilage is 






digestible (Henk & Linden, 1994). While sorghum storage has been studied in more 
depth recently, the quality changes arising from storage still present a knowledge gap. 
 
The present study contrasted moisture content and exposure to air as storage parameters 
during the storage of sweet sorghum bagasse. Sweet sorghum (Keller and Sugardrip 
variants) was cultivated at Purdue Agronomy Center for Research and Extension (ACRE), 
harvested by hand in October 2010 and harvested s talks pressed to remove the juice. The 
pressed material, termed bagasse, was dried both on the field and indoors to a final 
moisture content of 15.8% w/w and shredded through a waste-chipper. Shredded bagasse 
was dried further to 12% w/w moisture, or re-wetted to 25% and 68% w/w respectively, 
and packaged into mini-bales using a modified log-splitter. Bagasse at 12% and 25% 
moisture was stored aerobically, while that wetted to 68% moisture was stored 
anaerobically in sealed bags (Refer Sections 2.1.1 in Materials and Methods). 
 
The three treatments were examined after 24 weeks of storage, additional samples taken 
at 8 weeks. Samples were examined for dry matter loss and composition changes as a 
result. The dry matter losses and final moisture contents for each treatment are presented 
in Table 3.1. 
 
Substantial dry matter loss (31%) was observed upon aerobic storage at high moisture 
(25.6% w/w). Samples for the same treatment gathered at 8 weeks showed 25% loss on 
average, indicating the bulk of the microbial activity to be complete by this period. Dry 






averaging 7.4% at 24 weeks. Individual anaerobic replicates showed losses ranging 
between 0.4 and 15%. Aerobic storage at low moisture (12.3%) resulted in the least dry 
matter loss, which averaged 4.3% at 24 weeks. Samples of the treatment at 8 weeks 
showed zero dry matter loss, indicating little microbial activity upon storage.  
 
Aerobically stored samples lost moisture throughout the storage process. Both wet and 
dry bagasse dried to final moisture contents of 6-8% by weight. Biomass stored indoors 
has been reported to dry to 15-20% moisture w/w which ensures subsequent stability 
(Rotz & Muck, 1994), and this finding is consistent with the same. 
 
Table 3.1. Dry Matter and Moisture Content Changes in Sweet Sorghum Bagasse after 24 














Mean ± S.D. 
Aerobic Dry 12.3 ± 2.0 6.5 ± 0.6 4.3 ± 1.6 
Aerobic Wet 25.6 7.7 ± 1.0 31.2 ± 2.7 
Anaerobic/Ensiled 68.7 ± 0.7 69.8 ± 1.2 7.4 ± 4.6 
 
Composition analysis was carried out for original and stored (24 weeks) bagasse using 
NREL procedures described in Section 2.2.1, to examine changes in individual biomass 
constituents. By combining the dry matter changes with composition data, a material 






grams (dry matter) before storage. Through this analysis, the losses of individual 
chemical constituents during storage were determined. The material balance for sorghum 
bagasse stored aerobically is listed in Table 3.2 (Low moisture) and Table 3.3 (High 
moisture). T-test comparisons were carried out between component masses to examine 
the statistical significance of the losses at the 95% confidence level. 
 
Table 3.2. Total Dry Matter and Component Losses upon 24 Weeks of Aerobic Sweet 





(12%  w/w moisture) 
Composition 
(% ) 
(Mean ± S.D.) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± S.D.) 
Mass  
(g/100 dry g) 
Dry matter - 100 - 95.7 
Glucan 24.6 ± 0.2 24.6
a
 24.1 ± 0.5 23.0 
Xylan 10.0 ± 0.1 10.0
b
 10.5 ± 0.4 10.0
b
 
Arabinan 1.5 ± 0.0 1.5
c
 1.0 ± 0.1 0.9 
Lignin 9.5 ± 0.1 9.5
d
 11.8 ± 1.0 11.3 
Sol. Sugars 40.9 40.9
e
 44.2 ± 2.8 41.85
e
 
Values with the same superscript are not statistically distinct at the 95% confidence level 
 
Free sugars, or soluble sugars, were the principal component lost during storage. 
Comparing the compositions of original bagasse to that stored wet aerobically, 
approximately 30 grams of free sugars were lost per 100 grams of bagasse. Small 






statistically significant. Examining the composition of bagasse stored dry aerobically, 
very little composition change was observed from before storage. Small losses (≈1% or 
less) were seen in structural sugars. Free sugar content however was found to be 
unchanged.   
 
Table 3.3. Total Dry Matter and Component Losses upon 24 Weeks of Aerobic Sweet 




Aerobic Wet  
(26%  Moisture) 
Composition 
(% ) 
(Mean ± SD) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± SD) 
Mass  
(g/100 dry g) 
Dry matter - 100 - 68.8 
Glucan 24.6 ± 0.2 24.6
a
 35.7 ± 4.2 24.9
a
 
Xylan 10.0 ± 0.1 10.0
b
 13.6 ± 5.0 9.5
b
 
Arabinan 1.5 ± 0.0 1.5
c
 1.9 ± 0.5 1.3
c
 
Lignin 9.5 ± 0.1 9.5
d
 17.6 ± 2.1 12.3
d 
Sol. Sugars 40.9 40.9
e
 14.3 ± 4.2 10.5 
Values with the same superscript are not statistically distinct at the 95% confidence level. 
 
The material balance for bagasse stored anaerobically is listed in Table 3.4. As with 
aerobic bagasse, the predominant change observed was in the free sugar content. In the 
absence of air, sugars were seen fermented into a range of products, predominantly lactic 
acid. Small amounts of ethanol, glycerol, butanediol and acetic acid were also observed 






wet aerobic storage. Structural carbohydrates and lignin were enriched; their mass 
increasing compared to the original. This apparent increase may be attributed to the 
extreme losses in bagasse soluble sugars, which caused extreme enrichment in the 
structural components. 
 
Table 3.4. Total Dry Matter and Component Losses upon 24 Weeks of Anaerobic Sweet 





(68%  Moisture) 
Composition 
(% ) 
(Mean ± SD) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± SD) 
Mass  
(g/100 dry g) 
Dry matter - 100 - 92.6 
Glucan 24.6 ± 0.2 24.6
a
 39.4 ± 1.2 35.9
f 
Xylan 10.0 ± 0.1 10.0
b
 13.1 ± 0.8 11.9
g 
Arabinan 1.5 ± 0.0 1.5
c
 2.4 ± 0.1 2.2
h 
Lignin 9.5 ± 0.1 9.5
d
 19.0 ± 1.0 17.2
i 
Sol. Sugars 40.9 40.9
e
 5.5 ± 1.6 5.0
j  
Lactic Acid - - 5.8 ± 0.8 5.2 
Values with the same superscript are not statistically distinct at the 95% confidence level. 
 
The results show free sugars to be the only component of interest significantly lost during 
sorghum bagasse storage. In case of the bagasse stored wet aerobically, free sugar losses 
account for approximately 94% of the total dry matter loss. As respiration is limited 






fermentation products and possibly microbial biomass. The loss of soluble sugars is 
concordant with forage research, as they are most accessible and easily metabolized 
(Moore & Hatfield, 1994). While there are no studies on the aerobic storage of sweet 
sorghum, the results of anaerobic storage corroborate the present observations. Schmidt 
et al (Schmidt et al., 1997) compared ensilage treatments of sweet sorghum bagasse. 
Bagasse ensiled with formic acid (0.5% w/w) was contrasted with that ensiled with 
cellulase and hemicellulase enzymes. Formic acid treatment was  observed to reduce pH 
and preserve the bagasse with complete recovery of free sugars, while in case of the latter, 
almost 50% of the free sugar content was lost due to conversion into lactic acid and other 
fermentation products. Similarly, when examining anaerobic storage of whole sweet 
sorghum, Williams et al (2012) compared storage treatments for recoveries of cellulose 
and hemicellulose, with no assessment of free sugar losses. The effective preservation of 
the free sugar fraction when storing sweet sorghum is an ongoing problem, although high 
recoveries (≥ 90%) have been reported for structural carbohydrates upon ensiling 
(Williams, 2012). 
 
The results also demonstrate the need to control for moisture losses when carrying out 
laboratory scale storage. Bagasse stored aerobically lost moisture through the storage 
process, both low (12%) and high (25%) moisture samples drying to <10%. The moistu re 
treatment thus becomes the initial moisture content, rather than the content throughout 
storage. The role of moisture is hard to assess when it is being lost to the air. Moisture 
loss is limited in commercial scale bales by the mass transfer rates from bale depths to 






prevented or accounted for. This was carried out when storing corn stover and 
switchgrass.  
 
3.1.2 Aerobic Storage of Corn Stover 
As it is an important step in the overall supply chain, stover storage has been analyzed in 
further depth recently. Several studies have been published by Shinners et al examining 
dry matter loss under common storage conditions at the farm- and commercial-scale 
(Shinners, et al., 2007a; 2007b; 2009a; 2011). Similarly, Igathinathane et al (2008) 
reported the role of storage parameters in promoting fungal infestation, specifically 
investigating the role of water activity to account for moisture equilibrium. While these 
studies have examined changes as a result of storage conditions, the material balance for 
the components lost during storage continues to present a knowledge gap, which the 
present study aimed to address. 
 
The corn stover used was originally gathered and stored by Isaac Emery for his 
dissertation project (Emery, 2013). Stover was dried indoors to 13.1%, re-wetted for 
storage treatments and packed using a custom-made column. The biomass was stored in 
sealed containers under controlled temperature (35 °C) and water activity (0.97) for eight 
weeks, as described in Section 2.1.2.2 of Materials and Methods. Unlike the switchgrass, 
stover had not been processed to control particle size during storage. Samples of both 
original and stored biomass were correspondingly shredded in a food processer for 30 






on the screen was shredded and sieved again. Sieved material was used in composition 
and bioprocessing analyses. 
 
Three stover samples were obtained that showed 10% dry matter loss on average. 
Composition analyses were then used to determine the components lost. As with sweet 
sorghum, a material balance was developed, using 100 grams (dry weight) of stover 
before storage as a basis. The material balance for stover components is listed in Table 
3.5. While the free sugar concentrations were not measured, they could be assumed low 
(3-5% by dry weight), stover collected after grain harvest generally containing low 
amounts of free/soluble sugars (Chen et al., 2007; Elander et al., 2009). A loss of 
approximately 10% was seen in glucan, and 7% in xylan. Arabinan changes were not 
monitored, as its initial concentration was extremely low. A small loss was observed in 
the lignin content, which was found to lack statistical significance.  
 
The carbohydrate content of the stored material is not different from that of the original, 
indicating that all structural sugars were consumed with equal preference.  Lignin content 
is seen to increase upon storage, and its losses were the smallest, indicating little or no 
consumption. Given the relative absence of free/soluble sugars, these findings are 
concordant with forage studies, which predict the preferential consumption of the 







Table 3.5. Total Dry Matter and Component Losses upon 8 Weeks of Aerobic Corn 
Stover Storage at High Moisture 
Component 
Original Stover  Stored Stover 
Composition 
(% ) 
(Mean ± SD) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± SD) 
Mass 
(g/100 dry g) 
Dry Matter - 100 - 90 
Glucan 31.1 ± 0.2 31.1
a 
31.4 ± 0.5 28.2
b 
Xylan 20.3 ± 0.1 20.3
c 
20.9 ± 0.1 18.8
d 
Arabinan 4.2  4.2
e 
3.3 ± 0.7 3.0
f 
Lignin 23.0 ± 0.4 23.0
g
 25.3 ± 1.4 22.7
g
 
Values with the same superscript are not statistically distinct at the 95% confidence level 
 
The results establish the importance of the initial feedstock composition upon the storage 
losses. In the absence of substantial free sugars, which are easily metabolizable and 
provide energy for microbial proliferation, the dry matter losses are substantially lower 
for aerobic high-moisture storage (10% loss instead of 30%), despite the controlled 
humidity. These are similar to previously reported losses during aerobic indoors stover 
storage, by Shinners et al (2007b) and Shah et al (2011), which ranged 1-8% upon 8-9 
months of storage. The results were compared as the latter reported the bulk of the loss as 
occurring early into storage, which was also observed with sorghum bagasse earlier. The 
results are concordant with previous forage data, as biomass stored indoors is reported to 
rapidly dry to stability (Rotz & Muck, 1994), irrespective of initial moisture. In case of 
corn stover, losses are reported to depend more upon storage location and exposure than 






and high-moisture (30-35% w/w) bales when stored outdoors wrapped in tarpaulin, 
ranging 5-11%. In the same experiment, low-moisture bales stored outdoors with 
breathable film cover showed 14-17% dry matter losses, indicating the exposure to be a 
more important factor affecting dry matter loss. Similarly, Shinners et al reported losses 
ranging 29-39% when storing stover bales wrapped in sisal twine outdoors in contact 
with the ground (2007b), and 8-39% when storing stover piled on the ground without 
cover (2011). Losses were reduced (<20%) by removing ground contact (storage on 
pallets) or providing effective cover or wrapping (tarpaulin, net wrap, plastic twine). 
When considering aerobic storage, exposure is thus more important a parameter than 
moisture content. Significantly, the dry matter losses in the 2007 Shinners study included 
pickup losses when gathering bale contents. These losses arise due to loss of structural 
integrity in the bale, as well as breakage of bale wrap, both caused by weathering. Such 
losses become significant when stover is gathered on a commercial scale.  
 
As with the sweet sorghum, the results track for the first time the changes in the 
components of interest in biomass. Shinners et al (2011) tracked changes in fiber 
components in stover, calculating changes in cellulose and hemicellulose from the same 
and corresponding changes in theoretical ethanol yield, using a model developed by the 
NREL. The present stover compositions however are chemically defined, and can be used 
to better calculate changes in ethanol yields from the biomass.  
 
The results of sorghum and stover storage both involve sampling at a single time point. 






sampling at this point would help better understand the progression of microbial growth 
and dry matter loss. Secondly, the stover experiment used a single, high level of water 
activity to examine the impact of moisture under controlled moisture conditions. The role 
of water activity can be better understood by examining storage under multiple levels of 
water activity. These changes were incorporated into the storage of switchgrass. 
 
3.1.3 Aerobic Storage of Switchgrass  
Previous studies on switchgrass storage have demonstrated its resistance to microbial 
activity and dry matter loss. Early on, Wiselogel et al (1996) reported small (~2%) 
compositional changes in switchgrass arising as a result of indoor storage losses. No 
material balance was developed however, to correlate dry matter loss to composition 
changes. When comparing switchgrass storage in indoor and outdoor locations (gravel, 
grass sod), Sanderson et al (1997) subsequently reported losses ranging 4-6%. More 
recently, Monti et al (2009) examined indoor storage to conclude switchgrass storage 
losses as minor in comparison to those from harvest. The highest dry matter losses have 
been reported by Shinners et al (2010), who examined the impact of bale wrapping 
(sisal/plastic twine, mesh net wrap, plastic/breathable film), storage locations (indoors, 
outdoors) and access to air (ensiled vs. aerobic) upon switchgrass storability. A loss of 15% 
was reported with bales stored outdoors wrapped in sisal twine. Significantly, the loss 
included pickup losses caused by sisal twine breakage and accompanying bale collapse. 
Bales wrapped in plastic twine or net wrap showed 9% loss when stored outdoors, due to 
the greater integrity. Film-wrapped bales showed statistically identical losses to those 






Shinners et al also examined switchgrass composition, noting drops in the concentration 
of NDF and ADF in the biomass undergoing dry matter loss.  
 
Of the studies cited above, Shinners et al alone correlated dry matter loss to composition 
change, using non-additive fiber metrics. The above studies moreover did not control 
moisture transfer or from the biomass. This study aims to address the knowledge gap by 
establishing a material balance for the components of switchgrass stored under controlled 
temperature and water activity. 
 
Switchgrass harvested in November 2011 was dried indoors to 6% w/w moisture, milled 
through a 0.25-inch screen and sieved between 0.20-inch and 0.034-inch screens. The 
material retained was used for the storage experiment. Samples of this material were 
analyzed through NREL procedures for composition, presented in Table 4.7 and 4.8. In 
addition to the structural components presented, the switchgrass contained approximately 
1% (dry basis) soluble sugars and 3% (dry basis) ethanol solubles.  
 
The switchgrass was wetted to a range of moisture contents and packaged in plastic mesh. 
The samples were stored under a range of temperatures and water activities, the storage 
environments. The storage setup of switchgrass is described in Section 3.1.3 of Materials 
and Methods. Stored switchgrass was sampled at 1,2,4 and 8 weeks for dry matter loss 








Temperature and relative humidity were monitored using sensors, placed in the bucket. 
Constant monitoring was carried out for samples stored at high-humidity. With the 
exception of a single sharp rise in 35 °C bucket chambers, caused by a malfunction in the 
building heating system, temperature remained within stable limits throughout. The rise 
was spotted early on and the buckets moved to a room with better control. In contrast to 
temperature, humidity was observed to drop at different time points. As the bucket 
contents could exchange air with the outside, moisture loss over time was possible, which 
led to the drops. Water was periodically added to the solutions in the bucket bases to 
maintain humidity. The results of switchgrass storage under these conditions are 
presented below. 
 
3.1.3.1 Dry Matter Losses: 
No significant dry matter loss was observed in switchgrass stored at water activities of 
0.65-0.85 (10.6-19% w/w moisture), irrespective of temperature. At the highest water 
activity (0.99, 32-34% moisture), dry matter loss was observed upon storage at 20 and 
35 °C, but not at <10 °C (Figure 3.1). The dry matter losses at high-moisture treatments 
are plotted in Figures 3.2.a (20 °C) and 3.2.b (35 °C), becoming significant at 2 weeks.  
Losses are observed up to eight weeks, however no significant additional losses were 
observed between 8 and 16 weeks.  
 
In case of 20 °C storage (Figure 3.2.a), substantial variations were observed between 






and 16 weeks the mean percent losses were 0.5% and 3.6%, while the accompanying 
standard deviations were 2.5 and 5.8%). The mean and standard deviation were closer in 
value at 4 weeks (Mean = 2.1, Standard deviation = 2.2) and 8 weeks (Mean = 3.7, 
Standard deviation = 3.79). The maximum individual dry matter loss was 9.6%, observed 



















Figure 3.1. Dry Matter Loss from Switchgrass Storage at <10 °C and 































Figure 3.2. Dry Matter Loss: Switchgrass Storage at a. 20 °C and b. 35 °C. 






Dry matter loss was more consistent for storage at 35 °C, plotted in Figure 3.2b. 
Switchgrass samples began to show dry matter loss at the second week of storage, which 
became more consistent at 4 weeks, indicated by the standard deviations listed in Table 
3.6. Similar to storage at 20 °C, the 8- and 16-week samples showed similar dry matter 
losses, suggesting that microbial activity causing dry matter loss had ceased. The highest 
loss observed was 9.5% dry matter, for one sample stored for 16 weeks at 35°C. 
 
Composition analysis was completed for switchgrass samples that lost more than 5% of 
their dry matter between sampling periods. Dry matter loss of this magnitude was reached 
for samples stored for 8 and 16 weeks at both 20°C and 35°C. Correspondingly, 
composition analysis was carried out for all samples stored at 35 °C for at least 8 weeks 
and single samples stored at 20°C for 8 and 16 weeks. As dry matter losses were more 
consistent in 35 °C samples, material balances were calculated for the three samples 
stored for 8 weeks (Table 3.6) and three samples stored for 16 weeks (Table 3.7). 
 
Similar to the corn stover, structural carbohydrates were consumed during storage, with 
changes being observed in the glucan, xylan and arabinan present. At 8 weeks, glucan 
changes were not found to be statistically significant at 95% confidence. At 16 weeks 
however, approximately 16% of the initial glucan content was consumed. Similarly, 5% 
of the initial xylan content was lost at 8 weeks, and 16% at 16 weeks. Arabinan losses 
were negligible at 8 weeks, while 12% of the initial arabinan content was consumed at 16 







Table 3.6. Total Dry matter and Component Losses upon Aerobic Storage of 34% 
moisture Switchgrass for 8 Weeks 
Component 
Original Switchgrass 




(Mean ± SD) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± SD) 
Mass 
(g/100 dry g) 
Dry Matter - 100 - 92.9 
Glucan 35.9 ± 0.3 35.9
a
 37.1 ± 1.2 34.4
a 
Xylan 22.3 ± 0.2 22.3
b 
22.7 ± 0.4 21.1
c 
Arabinan 2.6 ± 0.1 2.6
d 
3.0 ± 0.0 2.8
e 
Lignin 26.6 ± 0.3 26.6
f 
27.0 ± 0.4 25.0
g 
Values with the same superscript are not statistically distinct at  the 95% confidence level 
 
Table 3.7. Total Dry Matter and Component Losses after Aerobic storage of 34% 
moisture Switchgrass for 16 Weeks 
Component 
Original Switchgrass 




(Mean ± SD) 
Mass  
(g/100 dry g) 
Composition 
(% ) 
(Mean ± SD) 
Mass 
(g/100 dry g) 
Dry Matter - 100 - 92.4 
Glucan 35.9 ± 0.3 35.9
a 
32.2 ± 1.8 29.8
b 
Xylan 22.3 ± 0.2 22.3
c 
20.3 ± 1.3 18.7
d 
Arabinan 2.6 ± 0.1 2.6
e 
2.5 ± 0.1 2.3
f 
Lignin 26.6 ± 0.3 26.6
g
 28.8 ± 0.6 26.6
g
 







Lignin concentrations were observed to increase over time and the 8-week samples 
showed a small loss in lignin mass. At 16 weeks however, the net lignin mass was 
unchanged in comparison to the original. The increase in concentration is consistent with 
forage research, resulting from the preferential consumption of carbohydrates compared 
to lignin (Jung & Deetz, 1994; Moore & Hatfield, 1994). 
 
3.1.3.2 Switchgrass Microbial Activity: 
The high-moisture (0.99 aw, 34%) switchgrass storage containers were observed to 
develop a musty or fungal odor 2 weeks into storage. The samples drawn were seen to 
have colored (black or dark green) spots, and significant amounts of dusty material 
resembling fungal spores were released when the contents were transferred into storage 
bags. Samples of the stored biomass were correspondingly taken to the Plant Pathology 
and Diagnostic Lab at Purdue University, where they were subjected to incubation and 
isolation plating, as described in Section 2.1.3.4.1 of Materials and Methods. The fungal 
fruiting structures grown through these methods were identified through microscopic 
examination.  
 
The predominant fungi growing on the switchgrass were identified as belonging to Mucor, 
Penicillium, Aspergillus and Fusarium genii. These fungi are known contaminants of 
food-grains and forages (Pereyra et al., 2008; Mostrom & Jacobsen, 2011; Rasmussen et 
al., 2011; Mobashar et al., 2012). They are also capable of degrading cellulose. In 






lignocellulose bioprocessing (Lynd et al., 2002). Similarly, Fusarium species have gained 
attention as generating laccase enzymes, which degrade lignin (Kwon & Anderson, 2002; 
Obruca et al., 2012; Wu et al., 2010). These fungi are thus capable of consuming the 
structural carbohydrates of switchgrass. Additional fungi identified include Chaetomium, 
Uromyces, Alternaria, Cladosporum and Mortierella. 
 
3.1.3.3 Detailed Statistical Analysis: Switchgrass Storage Parameters 
The data collected from the aerobic storage of switchgrass at three temperatures and four 
moisture (water activity) levels was analyzed for statistical significance through 
univariate split-plot analysis, using a repeated measures model.  
 
The parameters used are listed in Table 3.8 below. The percentage dry matter was the 
response variable, correlated to the storage parameters of temperature, water activity, and 
storage time/duration. As temperature and water activity were established and not varied 
from the start of the experiment, the two variables and their interactions were designated 
whole-plot effects. For a given combination of temperature and water activity, the storage 
duration or time was varied. Correspondingly, time and its interactions with the other 
variables were designated split-plot effects. Three levels of temperature and four levels of 
water activity were used, corresponding to the original design. As samples were taken 
past 8 weeks for the highest level of water activity alone, four levels of t ime – 1, 2, 4 and 
8 weeks – were used. As they were not compared beforehand, the buckets in which 






each time point could not thus be treated as replicates – and were designated random 
variables. As three buckets were used in every combination of temperature and water 
activity, they were nested within the interaction factor.  
 










Temperature ‗T‘ 3 2 
Bucket(T×aw) 
13.65 0.0004 
Water activity ‗aw‘ 4 3 18.72 <0.0001 
T×aw interactions 12 6 3.76 0.055 
Bucket(T×aw) 24 - 
Split-plot effects 
Time ‗t‘ 4 3 
Error 
17.75 <0.0001 
t×aw interactions 16 9 5.9 <0.0001 
t×T interactions 12 6 0.88 0.5104 
T×aw×t interactions 48 18 0.99 0.4689 
Error 71 - 
 
The data was analyzed using PROC MIXED in SAS 9.3 (The SAS Institute, Cary, NC). 
As seen in Table 3.8, temperature and water activity are significant at the 95% confidence 






time and time×water activity interactions were were significant, having P-values smaller 
than 0.0001. 
 
Data from switchgrass stored at the highest water activity level was analyzed separately, 
including the observations from 16 weeks, to inves tigate the impact of temperature and 
time on dry matter loss. As with the previous analysis, buckets were nested, this time 
within temperature. The data was again analyzed through PROC MIXED in SAS 9.3 
(The SAS Institute, Cary, NC). As seen in Table 3.9, temperature was not significant (P-
value = 0.1239), time alone correlating strongly with the changes in percentage dry 
matter. 
 










Temperature ‗T‘ 3 2 
Bucket(T) 
13.65 0.1239 
Bucket(T) 6 - 
Split-plot effects 
time ‗t‘ 5 4 
Error 
18.72 <0.0001 
T×t interactions 15 8 3.76 0.1784 









Dry matter losses were observed at the highest switchgrass moisture level (0.99 aw, 34% 
w/w) alone, the biomass staying stable at lower moisture levels. These observations are 
consistent with the reported resilience of switchgrass to microbial infestation and dry 
matter loss. Sanderson (1997), Monti (2009) and Shinners (2010) have all reported losses 
averaging 5% or lower during indoor storage, the switchgrass rapidly drying to stability 
before substantial dry matter loss can take place. Losses of the order of 10% or higher 
were reported by Shinners upon outdoor storage, and were largely due to weathering and 
bale breakage. The losses observed with the highest moisture level, ranging 5-10%, are 
consistent with the above observations given that they took place under controlled 
humidity. They are also consistent with the results of the wet sweet sorghum storage, 
wherein the bulk of the dry matter loss was observed at 8 weeks, with little additional 
loss observed at 24 weeks. In case of the high-moisture switchgrass, 8- and 16-week 
samples showed very similar dry matter losses, indicating that microbial activity had 
ceased between the two time points.  
 
The present study used water activity in place of moisture concentration by weight alone, 
to control for biomass drying. The objective was to examine if microbial activity could 
occur at low moisture concentrations if dynamic moisture equilibrium were maintained. 
The observed dry matter loss – negligible at lower moisture levels, significant at the 
highest – and statistical analysis shows water activity to be a significant storage 
parameter (in determining dry matter). However, they indicate a threshold level to be 






which predicts low or no dry matter loss upon indoor storage at moisture concentrations 
≤20% by weight. Similarly, the absence of dry matter loss upon storage at 7-9 °C 
indicates a threshold temperature as necessary for microbial activity, which is below 
20 °C as the latter temperature levels show dry matter loss. The greater consistency of dry 
matter loss at 35 °C shows temperature to enhance microbial activity beyond the 
threshold.  
The material balance shows the preferential consumption of structural carbohydrates, 
with similar losses (~15%) observed in glucan, xylan and arabinan. This is consistent 
with the results of corn stover storage, as well as forage literature predicting the 
preferential loss of carbohydrates. The results are strengthened by the predominance of 
fungal genii capable of both cellulose (Aspergillus, Penicillium and Mucor) and lignin 
(Fusarium). The time taken for dry matter loss to become significant might 
correspondingly reflect the time taken for the fungi present to access and metabolize 
sufficient carbohydrates to reach the critical mass required for growth and proliferation.  
 
The results further illustrate the role of initial composition in affecting dry matter loss and 
composition change. The losses observed with switchgrass are comparable to those 
observed with corn stover (i.e. ~10%), and are much lower than those observed with 
sweet sorghum. Both switchgrass and stover have low concentrations of soluble sugars, 
which would provide microbes an easily accessible source of energy. Dry matter losses 







3.1.4 Conclusions: Storage Parameters and Dry Matter Loss  
To understand the impact of storage parameters on biomass quality, three separate 
storage experiments were carried out. The experiments used different feedstocks, and 
were successively refined. Presented below are the inferences drawn from them.  
 
Both moisture content and temperature are seen to be important storage parameters, with 
critical threshold levels. Biomass wetted above a specific threshold concentration and 
stored above a threshold temperature is observed to undergo dry matter loss. From the 
moisture levels at which dry matter loss was observed, as well as forage data (Rotz & 
Muck, 1994), the threshold can be assumed in the neighborhood of 20% w/w or higher. 
When below the moisture threshold, the material is observed to dry to <10% w/w, losing 
insignificant amounts of dry matter en route. As established by the switchgrass results, 
irrespective of humidity, biomass wetted below the threshold will be stable and lose little 
or no dry matter. As the highest moisture levels alone were above the threshold, the 
significance of moisture content above the threshold could not be investigated. Similarly, 
a threshold temperature is required for microbial activity to occur, as seen in the absence 
of dry matter loss upon storage at 7-9 °C. While both 20 and 35 °C are above this 
threshold, the greater consistency in dry matter loss at the latter temperature indicates 
temperature to be a significant factor above the threshold, consistent with general 
microbiology.   
 
Under temperatures and moisture levels conducive to microbial activity, aerobic storage 






sorghum bagasse showed almost three times the dry matter loss (31%) as corn stover 
(10%) and switchgrass (7.5%), even though it was wetted to a lower concentration (26% 
w/w) than the latter (~34% w/w). This difference can be attributed to the substantially 
higher concentration of free sugars in the sorghum (40% w/w), given that free sugars 
accounted for 94% of the dry matter loss in high-moisture aerobic sorghum bagasse. This 
is consistent with forage research, as free sugars are the easiest fraction of biomass for 
microbes to consume.  
 
Dry matter loss involves the loss of carbohydrates throughout all the experiments. 
Cellulose and hemicellulose were consumed when storing corn stover and switchgrass. In 
case of sweet sorghum, while some structural carbohydrate loss was observed during 
aerobic dry storage, free sugars alone were consumed during the aerobic wet storage of 
bagasse, possibly because the microbial species capable of rapidly metabolizing free 
sugars dominated the biomass surface.  
 
3.2 Feedstock Bioprocessing: Impact of Storage Losses 
Following the precise quantification of storage losses, it was necessary to examine their 
impact on the conversion efficacy and yield of the structural carbohydrates (cellulose and 
hemicellulose) remaining. Due to the preferential consumption of free and cellulosic 
sugars, and corresponding enrichment of biomass lignin, feedstocks that have undergone 
significant storage losses may be expected to be more recalcitrant to bio-based 
breakdown, as reported for stored forages (Jung, 1989). To examine this hypothesis, 






without liquid hot-water pretreatment. The material balances upon pretreatment and 
glucan yields upon enzyme hydrolysis were compared to determine what impact, if any, 
dry matter loss had upon cellulose conversion.  
 
Sweet sorghum bagasse was excluded from these analyses, as no significant change had 
occurred in its cellulose and hemicellulose contents. As switchgrass and corn stover had 
undergone losses in cellulose and hemicellulose during storage, they were analyzed for 
sugar release as a result of liquid hot-water pretreatment and cellulase hydrolysis.  
 
3.2.1 Pretreatment: Comparison of Stored and Pre-Storage Biomass 
Corn stover and switchgrass were both subjected to liquid hot-water pretreatment at 15% 
w/w solids loading in 35 ml sealed, stainless steel reactors. Pretreated solids and liquor 
were separated and each analyzed for biomass components – carbohydrates and lignin – 
and a material balance developed for their fractionation. The pretreatment and subsequent 
analyses are described in further detail in Section 2.2.2.1 of Materials and Methods.  
  
3.2.1.1 Corn Stover Pretreatment: 
Shredded corn stover was pretreated at 190 °C for 15 minutes, with an additional 7.66 
minutes for heat up. The conditions were based on the optimal pretreatment conditions 
reported by Mosier et al (2005b) and Elander et al (2009). Following pretreatment, the 
slurry was separated into solid and liquid fractions, each of which was analyzed for 






As shown in Table 3.10, the glucan and lignin content were enriched to 47% and 33% 
respectively, while the xylan content was reduced to 10%. Combined with chemical 
analysis of the pretreatment liquid, a material balance was developed for the fractionation 
of stover components using a 100 dry grams of stover as a basis, shown in Table 3.11.  
 
Table 3.10. Composition of Pre-storage Corn Stover: Before and After Liquid Hot-Water 
Pretreatment 
Component 
Composition (%  Dry Weight) 
(Mean ± SD) 
Original Stover Pretreated Solids 
Glucan 31.1 ± 0.2 47.3 ± 2.6 
Xylan 20.3 ± 0.1 10.7 ± 0.6 
Arabinan 4.2 ± 0.0 0.6 ± 0.0 
Lignin 23.0 ± 0.4 33.7 ± 0.7 
 
Approximately 59% of the total dry matter loaded for pretreatment was accounted for. 
The highest extent of closure was achieved with the glucan content, with 89% of the 
original glucan accounted for within the pretreated solids, and another 9% solubilized 
into gluco-oligomers, monomeric glucose and hydroxymethyl furfural (from glucose 
dehydration). Substantially lower closures are obtained for xylan (69%) and arabinan 
(39%), possibly due to the formation of degradation products – furan complexes – not 
detectible through liquid chromatography. Similarly, the solubilized phenolic compounds 
formed through lignin breakdown could not be detected through chromatography and 






constitutes 86% of the original lignin content present. The low degree of solubilization of 
cellulose and lignin reflects their recalcitrance to chemical breakdown. 
 







original (% ) 






Liquid Not Determined 
Glucan 
Solid 89.3 ± 5.0 
97.8 
Liquid 8.5 ± 2.3 
Xylan 
Solid 30.7 ± 1.6 
68.7 
Liquid 38.0 ± 11.7 
Arabinan 
Solid 8.9 ± 0.4 
37.8 
Liquid 28.8 ± 4.6 
Lignin Solid 86.2 ± 1.7 86.2 
 
The pretreatment of stored stover samples (that lost 10% of their dry matter content), 
resulted in solids with composition listed in Table 3.12. Glucan, xylan and lignin contents 
are all similar to those seen in solids generated by pretreatment of pre-storage stover. The 
fractionation of the components into the liquid and solid phases during pretreatment using 







Table 3.12. Composition of Post-storage Corn Stover (8 Weeks, 35 °C, 0.97 aw): Before 
and After Liquid Hot-Water Pretreatment 
Component 
Composition (%  Dry Weight) 
(Mean ± SD) 
Stored Stover Pretreated Solids 
Glucan 31.4 ± 0.5 45.2 ± 1.1 
Xylan 20.9 ± 0.1 11.1 ± 0.7 
Arabinan 3.3 ± 0.7 0.7 ± 0.0 
Lignin 25.3 ± 1.4 36.1 ± 0.2 
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Liquid Not Determined 
Glucan 
Solid 89.9 ± 2.1 
94.4 
Liquid 4.5 ± 0.8 
Xylan 
Solid 33.1 ± 2.0 
64.6 
Liquid 31.5 ± 7.7 
Arabinan 
Solid 13.5 ± 0.0 
45.2 
Liquid 31.7 ± 2.9 







The fractionation is seen to be similar to that of pre-storage stover, with about 62% of the 
loaded dry matter accounted for. Similar degrees of closure were established for glucan 
(94%) and lignin (89%). Small differences (~5%) were seen in both the overall closure 
and the solid and liquid fractions of the xylan and arabinan. The similarities indicate 
fractionation characteristics to be unaffected by storage changes. To further examine this 
possibility, switchgrass pretreatment was analyzed.  
 
3.2.1.2 Switchgrass pretreatment:  
Switchgrass was pretreated at 200 °C for 10 minutes, with an additional 7.66 minutes of 
heat up time. The pretreatment conditions were based on the optimization studies 
published by Kim et al (2011a) and Garlock et al (2011) for maximum glucose yields. 
Similar to stover, material balances were developed for the fractionation of original and 
stored switchgrass between the liquid and solid phases during pretreatment. 
 
Table 3.14. Composition of Pre-Storage Switchgrass Before and After Liquid Hot-Water 
Pretreatment 
Component 
Composition (%  Dry weight) 





Glucan 35.9 ± 0.3 43.5 ± 3.9 
Xylan 22.3 ± 0.2 11.3 ± 1.8 
Arabinan 2.6 ± 0.1 1.0 ± 0.2 







The pretreatment of switchgrass generated solids with the chemical composition shown 
in Table 3.14. Glucan content was enriched to from 36% to 44% and lignin from 27% to 
31%. By contrast xylan content was reduced to from 22% to 10%. The enrichment of 
glucan and lignin in the solids is consistent with the results of corn stover pretreatment. 
The corresponding fractionation of these components between the pretreated solids and 
pretreatment liquid is shown in Table 3.15.  
 
Table 3.15. Fractionation of Pre-Storage Switchgrass Components between Solids and 





(Mean ± SD) 
Closure 
Dry Matter 
Solid 71.7 ± 0.6 
71.7 
Liquid Not Determined 
Glucan 
Solid 86.9 ± 7.1 
90.3 
Liquid 3.4 ± 0.2 
Xylan 
Solid 36.1 ± 5.4 
80.0 
Liquid 43.9 ± 3.7 
Arabinan 
Solid 27.1 ± 6.5 
73.2 
Liquid 46.1 ± 1.0 
Lignin Solid 82.3 ± 2.2 82.3 
 
A lesser degree of solubilization was observed upon switchgrass pretreatment, as 72% of 






glucan was retained in the solids, while a small fraction was solubilized. In case of xylan, 
36% of the original content was retained in the solids, and 44% solubilized into xylo -
oligomers, monomeric xylose or furfural. Arabinan was similarly solubilized, 27% 
retained in the solids and 46% converted into arabino-oligomers or free arabinose. A 
greater degree of closure was achieved for xylan (80%) and arabinan (73%), possibly as 
less material was converted into undetectable furan degradation products.  
 
Table 3.16. Composition of Stored Switchgrass Before and After Liquid Hot-Water 
Pretreatment 
Component 
Composition (% ) 





Glucan 37.1 ± 1.2 47.0 ± 1.9 
Xylan 22.7 ± 0.4 12.8 ± 0.5 
Arabinan 3.0 ± 0.0 0.8 ± 0.1 
Lignin 27.0 ± 0.4 32.9 ± 1.0 
 
For comparison, switchgrass stored for 8 weeks at 35 °C, 0.99 aw was pretreated 
identically. The solids generated by stored switchgrass pretreatment have similar 
composition (Table 3.16), with slightly higher concentrations of glucan and lignin 
compared to pretreat switchgrass without storage. The corresponding material balance for 







Table 3.17. Fractionation of Stored Switchgrass Components between Solids and Liquid 
during Liquid Hot-Water Pretreatment 
Component Medium 
Percentage of 
original (% ) 
(Mean ± SD) 
Closure 
Dry Matter 
Solid 71.9 ± 4.7 
71.9 
Liquid Not Determined 
Glucan 
Solid 90.8 ± 7.8 
92.6 
Liquid 1.9 ± 0.3 
Xylan 
Solid 41.3 ± 15.9 
81.0 
Liquid 39.7 ± 8.7 
Arabinan 
Solid 20.3 ± 9.6 
51.3 
Liquid 31.0 ± 3.4 
Lignin Solid 87.8 ± 3.9 87.8 
 
The fractionation was seen to be similar to that of pre-storage switchgrass. As with the 
original material, 72% of the dry matter loaded was retained in the pretreated solids. 
Glucan and lignin fractionation were similar to the pre-storage material as well, although 
a slightly higher (~5%) degree of closure was achieved with both. In case of 
hemicellulosic sugars, xylan fractionation is identical to that of pre-storage switchgrass, 
while lower amounts of arabinan were detected in both pretreated solids and liquid, 
resulting in a lower degree of closure (51%) than pre-storage switchgrass (72%). Due to 







When comparing feedstocks, significant differences are observed between s tover and 
switchgrass pretreatment. A higher fraction of the loaded dry matter is solubilized in case 
of the former, indicating lesser recalcitrance compared to switchgrass. Storage treatments 
however were not observed to cause significant differences in biomass pretreatment 
characteristics, indicating little structural changes as a result of carbohydrate loss. To 
further examine storage impact on cellulose reactivity, enzyme hydrolysis was carried out, 
and storage treatments compared.  
 
3.2.2 Cellulose Hydrolysis 
Cellulose hydrolysis was subsequently carried out with washed pretreated solids 
generated from original and stored feedstocks (stover and switchgrass). Hydrolysis was 
carried out in 250 ml Nalgene
TM
 bottles, into which pretreated solids and 50 mM citrate 
buffer (pH 4.8) were added, to a final dry solid concentration of 1% w/w. Cellulase 
(NS22086) and cellobiase (Novo 188) were added to concentrations of 50 FPU and 130 
CBU per gram of glucan respectively, the total protein concentration being 109.6 mg-
protein/g-glucan. Hydrolysis was carried out at 50 °C for 48 hours, and samples taken at 
0, 24 and 48 hours. The percent glucan yield was calculated from the glucose 
concentration. For comparison, non-pretreated biomass – stover and switchgrass – was 
also subjected to hydrolysis under identical conditions. Hydrolysis and accompanying 
analyses are described in further detail in Section 2.2.2.2 of Materials and Methods.  
 
The results of corn stover hydrolysis are presented in Table 3.18. No change was 






showed hydrolysis yields of approximately 16% of theoretical without pretreatment, 
while the washed pretreated solids, upon hydrolysis, resulted in 55 – 58% yields. A T-test 
comparison was carried out for the 48-hour glucan yields between original and stored 
stover. The glucan yields from non-pretreated stover were statistically indistinct with a P-
value of 0.95 and those from pretreated stover were found to be statistically indistinct 
with a P-value of 0.10.  
 
Table 3.18. 48-Hour Hydrolysis Yield of Pretreated Corn Stover: Original vs. Stored 
Biomass 
Corn Stover 
%  Glucan Yield 







Original 16.1 ± 1.1 54.7  ± 2.9 
Stored 
 (8 Weeks, 35 °C, 0.97 aw) 
15.9  ± 5.3 58.5  ± 1.1 
 
The glucan yields upon switchgrass hydrolysis are listed in Table 3.19. Switchgrass 
samples were found have significantly lower digestibility compared to corn stover, as 
indicated by the 48-hour glucan yields. As with stover, storage was not observed to cause 
significant changes in cellulose reactivity. Non-pretreated switchgrass was observed to 
have uniformly low digestibility, with 7-8% of the glucan present digested in case of both 
original and stored switchgrass samples. Pretreated solids were more digestible, 34% of 
the glucan being hydrolyzed on average in case of original switchgrass, and 34-43% on 






yields of non-pretreated switchgrass to be statistically indistinct with a P-value of 0.77, 
and of pretreated switchgrass to be indistinct with a P-value of 0.11.  
 
Table 3.19. 48-Hour Hydrolysis of Pretreated Switchgrass: Original vs. Stored Biomass 
Switchgrass 
%  Glucan Yield 





Original  8.4 ± 2.4 34.2 ± 3.2 
Stored 
(8 Weeks, 35 °C, 0.99 aw) 
7.7 ± 2.9 37.7 ± 4.8 
Note: Glucose release during stored switchgrass hydrolyses was measured through the 
ReliOn
®
 glucose meter alone (Ref. Appendix B.2) 
 
The above results establish that storage losses, while reducing the amount of 
carbohydrate that can be converted into biofuels or chemicals, do not alter the reactivity 
or extractability of the s tructural carbohydrate content within lignocellulose.  
 
3.2.2.1 Feedstock bioprocessing: Particle Size 
While hydrolysis yields for switchgrass and corn stover were unaffected by storage losses, 
they were significantly lower than those previously reported for both corn stover and 
switchgrass. Under optimal pretreatment conditions, 90% glucan hydrolysis was reported 
by Mosier et al (2005b) upon hydrolysis under conditions corresponding to the NREL 
LAP 009 (50 °C, 200 rpm, 1% glucan w/v, 168 hours) and at a lower enzyme loading  of 






Garlock et al (2011) reported close to 95% glucan hydrolysis with pretreated switchgrass 
solids upon hydrolysis corresponding to NREL LAP 009, and at enzyme loadings of 18-
20 FPU/g-glucan cellulase and 30-40 CBU/g-glucan cellobiase. Comparing switchgrass 
ecotypes, Kim et al reported 83-87% glucan yields when hydrolyzing pretreated 
switchgrass solids under identical conditions to Garlock et al. Despite the longer 
hydrolysis times, the higher yields are significant as they were achieved at much lower 
enzyme loadings, and because the bulk of the hydrolytic activity occurs within the first 
24-48 hours. This difference bore investigating.  
 
Upon examining feedstock pre-processing, the principal difference found was in 
feedstock particle size. In case of switchgrass, Garlock et al utilized material that was 
knife-milled to pass through a 2 mm (Corresponding to the ASTM No. 10 Mesh) screen, 
while Kim et al utilized material that was milled to pass through an ASTM No. 40 Mesh 
(0.42 mm) screen. Similarly, the results reported by Mosier et al used stover that had 
been knife-milled to pass through a 0.25-inch screen and milled before pretreatment to 
pass through an ASTM No. 40 Mesh screen. As particle size has been reported as 
substantially impacting feedstock bioprocessing efficacy (Khullar et al., 2013; Pedersen 
& Meyer, 2009; VanWalsum et al., 1996; Vidal et al., 2011; Yeh et al., 2010), the 









Table 3.20. Feedstock Particle-Size Distribution 
Particle Size 




Switchgrass Corn Stover 
>20-Mesh 77.2 - 32.5 




<40-Mesh 26.7 50.2 
Total 100 38.9 99.3 
 
To examine the possible role of particle size, switchgrass and stover samples were sieved 
through ASTM No. 20 (0.85 mm) and No. 40 mesh screens to examine particle size 
distributions. Samples of knife-milled corn stover prepared in 2011 that had been used by 
Mosier et al were also sieved for comparison. The results are listed in Table 4.20. The 
older stover sample was observed to have a higher proportion of particles small enough to 
pass through both screens. The older stover sample was subsequently pretreated and the 
washed solids subjected to identical enzyme hydrolysis, resulting in a glucan yield of 
83%. Pretreatment and hydrolysis were subsequently repeated with switchgrass that had 
first been milled to pass through a 40-Mesh screen. Hydrolysis of the washed pretreated 
solids resulted in a glucan yield of approximately 76%, substantially closer to the yields 
reported in the literature. When repeated at one-third the enzyme loading, hydrolysis 
resulted in a glucan yield of 42%, slightly higher than what had been achieved with 
whole switchgrass at three times the enzyme loading. The results all strongly indicate 







3.2.3 Conclusions: Bioprocessing 
Dry matter losses have been reported to reduce the digestibility of forage biomass, due to 
the preferential consumption of carbohydrates and corresponding enrichment of lignin. 
Correspondingly, the impact of storage losses upon biomass stored for use as biofuel bore 
investigation.  
 
The key finding of the bioprocessing analyses in the present study is that storage losses to 
the observed extents (7-10%) do not alter the reactivity of cellulose to hydrolytic 
enzymes or correspondingly, the extractible yield (gdry ,extracted/gdry,available) of the structural 
carbohydrates. This is in contrast to forages. The predominant factor accounting for this 
difference is (liquid hot-water) pretreatment, which opens up the lignocellulosic structure 
and substantially increases the accessibility of the cellulose to enzyme action (Mosier et 
al., 2005c; Yang & Wyman, 2008). Pretreatment has been proposed as a means to 
improving forage digestibility before feeding to ruminants (Fahey et al., 1994), and can 
thus compensate for any changes resulting from storage losses. 
 
Due to their preferential consumption, carbohydrates are observed to make up 50-90% of 
the total losses. Their loss represents a reduction in the amount of ethanol that can be 
manufactured per dry ton of harvested feedstock. This has significant economic 
implications for biofuel manufacturing given the various energy and chemical inputs 
required for the cultivation and harvest of biomass feedstock. Moreover, as the 
metabolized fractions are converted into chemical species with global warming potential 







gains of cellulosic biofuel utilization. Storage must thus be optimized so as to minimize 
losses.  
 
The subsequent finding has been the role of particle size in the efficacy of enzymatic 
digestion. Of the three whole feedstocks – corn stover from 2001, switchgrass and corn 
stover from 2012 – compared, the glucan yields upon hydrolysis have been directly 
correlated to the fraction by mass of small particles (<No. 40 Mesh). Hydrolysis of 
washed solids generated from milled switchgrass pretreatment resulted in 76% glucan 
yield, compared to 34% yield upon hydrolysis of pretreated whole switchgrass. Even 
when comparing non-pretreated biomass, corn stover from 2012, which had a 
substantially higher fraction of small particles than switchgrass, showed a greater glucan 
yield upon hydrolysis. In comparison to storage losses and composition changes, particle 
size treatments were observed to have a significant impact on the extractable yield of the 
cellulose. Cellulose accessibility being a critical factor in the efficacy of hydrolysis 
(Arantes & Saddler, 2011; Jeoh et al., 2007), the improvements in yield may be attributed 
to the increased accessibility of biomass particles to the enzymes, as a result of smaller 
particle size. Further investigation is required, to establish the role of biomass particle 







CHAPTER 4. CONCLUSIONS AND RECOMMENDATIONS  
4.1 Conclusions 
The current study presented conclusions on the impact of various storage parameters 
upon biomass composition, and correspondingly its bioprocessing quality. Presented 
below are the conclusions that could be drawn from the data presented previously relating 
to the factors contributing to storage loss and the impact of these losses on bioprocessing 
performance. 
 
The objectives of this study had been coalesced into three hypotheses corresponding to: 
1. The Impact of Moisture 
2. The Preferential loss of Carbohydrates over other constituents 
3. The Impact of Dry matter losses on Bioprocessing performance 
 
Moisture content was hypothesized to strongly affect dry matter losses during aerobic 
storage. In line with forage data, moisture contents greater than 20-25% w/w were 
expected to show significant dry matter loss. This hypothesis was largely confirmed by 
the data. A threshold moisture content was seen as necessary for significant microbial 
activity and loss. In case of sweet sorghum, 26% w/w moisture was found sufficient to 







 indicating that the threshold is determined by the feedstock. Even when placed under 
controlled humidity, moisture contents below the threshold resulted in insignificant dry 
matter loss.  
 
When water activity was used as a parameter in place of moisture concentration, no loss 
was observed at levels below 0.97 for corn stover and switchgrass. The lower water 
activity levels (0.65-0.85) were found to correspond to moisture contents of 20% w/w or 
lower, corroborating results form forage research. While sweet sorghum water activity 
was not measured, the substantial differences in composition (notably free sugar content) 
could allow for higher water activity at lower moisture concentrations, the threshold for 
microbial activity correspondingly being lower. The statistical analysis of switchgrass 
data showed water activity to be a statistically significant contributor to dry matter loss, 
establishing its importance as a parameter, and thereby that of moisture content. 
 
The second initial hypothesis was that carbohydrates would be preferentially consumed 
during storage, based on the background established by forage storage. This hypothesis 
was confirmed by the material balance developed for storage losses.  
 
Of the components measured during composition analysis, changes were observed in the 
carbohydrate content alone upon storage losses. Lignin was not consumed during storage, 
its concentration increasing as a result of the losses and significant changes in the total 
dry mass. When examining structural carbohydrate loss, glucan (a cellulose component) 







proportion. Although hemicellulose is more accessible to microbes (Mosier et al., 2005c; 
Zhao et al., 2012a), preferential consumption was not observed. It may be inferred from 
the present data that structural carbohydrates are consumed with no specific preference 
(cellulose vs. hemicellulose). Carbohydrate losses comprised 56-94% of the total dry 
matter losses observed in the feedstock, indicating their preferential consumption. 
Furthermore, the content of easily accessible carbohydrates (i.e. soluble or free sugars) 
was observed to substantially affect storage losses, with sweet sorghum bagasse showing 
close to 25% dry matter loss in 8 weeks, compared to 7-10% loss for corn stover and 
switchgrass. On this basis, the preferential consumption of carbohydrates upon storage is 
confirmed.  
 
The final hypothesis tested was the impact of storage losses upon the hydrolytic 
extractability of glucose from the remnant biomass, even after pretreatment. Dry matter 
losses result in carbohydrate loss and the enrichment of lignin in stored biomass. When 
stored for animal feed, the remnant has consistently been reported as less digestible by 
livestock in comparison to the original (Jung, 1989; Rotz & Muck, 1994). Given the role 
of lignin in impeding cellulose extraction and breakdown (Chapple et al., 2007; Mosier et 
al., 2005c; Studer et al., 2011; Zhao et al., 2012a), its enrichment was hypothesized to 
increase biomass recalcitrance. Upon examination, this hypothesis was disproved by the 
data in the present study.  
 
The identical (at 95% confidence level) glucan release from original and feedstocks for 







do not alter the bioprocessing characteristics of the feedstock remnant. Non-pretreated 
samples were seen to have equally low extractability, while pretreatment was observed to 
increase the enzymatic digestibility of original and stored feedstocks alike. On a large 
scale, while the carbohydrate losses represent a loss in fermentable ethanol per dry ton of 
feedstock or per unit area of arable land, their bio-based extractability on a dry mass basis 
can be expected to stay the same based upon the present study. This difference may be 
attributed to pretreatment, which breaks open the lignocellulose structure and improves 
digestibility, overcoming any structural impedances arising from lignin enrichment.  
 
The data presented further conclusions apart from those corresponding to the initial 
hypothesis.  
 
Similar to water activity, temperature is also observed to require a threshold, in order for 
microbial activity to occur. Dry matter losses being observed only at the highest water 
activity level (0.99), the effect of temperature at these levels must be examined. Low dry 
matter loss (~4%) was observed upon switchgrass storage at low temperatures, indicating 
that low temperatures preserve the material. Switchgrass storage at 20 °C resulted in 
losses ranging 1.4-8.7% in 8 week samples, and 0-9% in 16 week samples. Greater 
consistency was observed upon 35 °C storage, dry matter losses ranging 5-9% at both 8 
and 16 weeks. Statistical analysis of the switchgrass data established temperature as a 
significant contributor to dry matter loss as a whole, although analysis of high moisture 
data alone showed it to lack statistical significance. Further investigation is thus required 







Storage analyses have typically been for durations of 6 months or higher (Coblentz, 2009; 
Khanchi et al. 2009; Martinson et al., 2011; Rigdon et al., 2013; Shinners et al., 2007b; 
2011; Williams, 2012), to reflect the long storage periods in practice. Sweet sorghum 
bagasse was carried out for 6 months. The dry matter loss observed in 6-month samples 
(31%) however was not substantially higher than in subsamples that were taken at 8 
weeks (25%), indicating that the maximum activity had transpired by that point. When 
weekly samples were taken during switchgrass storage, individual losses ranging 3-5% 
were seen at four weeks. Maximum individual dry matter losses of approximately 9% 
were seen in 8-week and 16-week samples, and the averages of both time points were 
close (7%), indicating little activity occurring after eight weeks. Thus, biomass stored 
indoors under controlled aerobic conditions reaches stability in approximately eight 
weeks, with little further activity seen afterwards. The changes observed in forages may 
be due to environmental changes – temperature and precipitation – that the biomass is 
exposed to during year-round outdoors storage. Additionally, while 8- and 16-week 
samples showed similar overall dry matter loss, greater glucan and xylan (6%) losses 
were observed in the latter compared to the former (1-2%). As storage was aerobic, the 
data presents the possibility that microbial respiration is accompanied by biomass 
generation, reducing the measured dry matter loss. Further study is required to confirm 
this possibility. 
 
Apart from the feedstock species, another factor influencing the free sugar concentrations 
is the harvest date. Sorghum was harvested before senescence and was correspondingly 







senescence, had extremely low (<1%) of free sugars and can be assumed to contain lower 
amounts of protein as well. Variation has been reported in soluble sugar content with 
harvest date and crop growth stage, in switchgrass (Bélanger et al., 2012), sorghum (Han 
et al., 2012; Zhao et al., 2012b) and maize (Lynch et al., 2012). Thus, both crop species 
and time of harvest must be taken into consideration when designing storage 
environments. 
 
Finally, particle size was found to influence bioprocessing. In contrast to storage 
treatments, altering the particle size by milling was observed to bring about substantial 
changes in switchgrass pretreatment and hydrolysis characteristics. This observation 
indicates particle size to be a key factor in cellulose reactivity during pretreatment and 
hydrolysis, and is concordant with the findings of Zeng et al (2007) linking particle size 
to the efficacy of cellulose hydrolysis. 
 
In addition to the above conclusions, the study presented several areas of exploration, 
which are described in further detail below.  
 
4.2 Recommendations: 
The present study used ‗mini-bales‘ containing 0.1-2.5 dry kilograms of biomass. As 
commercial-scale baling typically packages 500+ dry kilograms per bale (Shinners et al., 
2009b; 2010), the role of the larger mass and density must be investigated. The higher 
density limits the transfer of air and moisture at different depths. Farm scale bales must 







content, dry matter loss and composition change (Shinners et al., 2007b; 2009b; 2010). 
The transfer limitations can lead to different mois ture and microbial regimes within the 
same bale, significantly altering the role of moisture concentration by weight. At high 
densities, bale heating due to microbial respiration is a significant possibility, as heat 
transfer is limited alongside mass transfer. As the generated heat can enable further 
microbial activity, the role of external temperature is also altered upon large-scale 
baleage (Coblentz et al., 1997; 2000; Coblentz & Hoffman, 2009a; 2009b; Turner et al., 
2002). Lastly, when biomass is baled on a commercial scale, the losses resulting from 
loss of bale integrity become significant, as gathering or picking up broken or scattered 
bale contents is commercially unfeasible. Thus dry matter recovery can reduce 
substantially without corresponding microbial activity, if bales collapse or break, as 
reported by Shinners et al (2007b) and Monti et al (2009). For these reasons, future 
research must attempt to incorporate bale size (dimensions) and density into storage 
analysis. 
 
Effective biomass storage must preserve the significant fractions of biomass at minimal 
cost. It is therefore important to compare the potential loss in biomass value (dollars/dry 
metric ton) with the cost (dollars/dry metric ton) of storing it.  
 
While the overall cost of harvesting and supplying cellulosic biomass for conversion into 
biofuel have been researched extensively (Sokhansanj et al., 2009; Suh et al., 2011; 
Brechbill et al., 2011; Judd et al., 2012), fewer studies have been carried out on storage 







depending upon bale shape, machine configurations and storage parameters (wrapping, 
surface etc.). Subsequently, Thorsell et al (2004) and Mooney et al (2012) have modeled 
the costs of switchgrass storage, the latter investigating changes in selling price arising 
from dry matter loss. Nevertheless, the assignation of a specific cost per dry metric ton to 
store a given feedstock under specific parameters represents a knowledge gap. 
 
Conversely, multiple means have been used to estimate the value of stored biomass, and 
changes as a result of storage loss. Shinners et al examined changes in Theoretical 
Ethanol Yield as a result of dry matter loss and composition change (2011), while 
Mooney (2012) developed loss models for selling price fluctuations as a result of storage 
loss. Value assignation on a monetary basis requires analysis or assumptions on the yields 
of products that can be manufactured from the feedstock, as well as their selling price, as 
was recently reported by Humbird et al (2011). While empirically determined selling 
prices have been developed, based on biomass moisture content and integrity (Project 
Liberty, n.d.), further development is required to develop biomass value on a dry weight 
basis, so as to compare to storage cost. The development of the above metrics, when 
combined with storage data, can be used to develop a database for the outcomes arising 
from the storage of specific feedstocks under specific conditions.  
 
The improvement observed in cellulose hydrolysis resulting from particle size reduction 
indicates particle size as a point of further investigation. When in the micrometre range, 
decreasing the particle size of input feedstock has been reported to improve the efficacy 







(Chundawat et al., 2006; Zeng et al., 2007; Yeh et al., 2010; Khullar et al., 2013). The 
role of particle size is not clear, however, as when in the centimeter range, increasing 
particle size is reported to improve both pretreatment fractionation and hydrolysis yield 
(Harun et al., 2013; Liu et al., 2013). Zhang et al reported the impact of particle size 
reduction as possibly confounded with the changes in cellulose crystallinity resulting 
from its milling (Zhang et al., 2012), although particle size reduction improved 
hydrolysis and fractionation when crystallinity was controlled. Similarly, while Zeng et al 
reported lower particle size as improving the cellulose reactivity, the improvement was 
negated upon pretreatment. Based on these observations, the precise role of particle size 
in improving biomass fractionation upon pretreatment and subsequently cellulose 
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Appendix A Water Activity 
A major limitation in the existing literature on forage storage, specifically the impact of 
moisture content is that the exchange of moisture is unaccounted for. Stored biomass 
exchanges water with its surrounding environment, which affects biomass moisture 
content and correspondingly microbial activity. The process is likely influenced by 
temperature, the moisture content of the surrounding environment (soil, air), aeration and 
the mass transfer dynamics caused by biomass packing density. To examine the impact of 
moisture on biomass, it is necessary to use a parameter capturing both the physical 
concentration of water present (% w/w) and the likelihood of the water escaping the 
biomass. Moisture content alone does not indicate the likelihood and extent to which 
water affects biomass or enables microbial growth on biomass. Water activity, designated 
aw and expressed as a ratio between 0.0 and 1.0, provides a more complete and accurate 
assessment of the role of water in biomass. This section defines water activity and 
examines how it affects the impact of water on biomass. 
 
A.1. Water Activity: Definition & Significance: 
The activity of a chemical species at a given temperature is classically defined as the ratio 
of its fugacity f in a given state to its fugacity f° in a selected standard state (Lewis & 















Fugacity being a stand-in for pressure when correcting for deviations from ideality, it has 
the same dimensions. Activity is correspondingly calculated as a ratio of pressures, 
specifically vapor pressures, in practice. Applying the concept to water, and using pure 
water at the same temperature as the standard state, water activity is obtained. The water 
activity of a system or mixture at a given temperature becomes the ratio of the vapor 
pressure of water pw in the system to that of pure water p°w at the same temperature 




A.1.1. Thermodynamic Significance: 
The Gibbs‘ free energy of a system (G) is the key thermodynamic parameter in 
determining its phase and chemical equilibria, or lack thereof. An equivalent parameter 
applied to each species in each phase is its chemical potential µi, the partial derivative of 
net free energy with respect to the amount (moles) of the i
th
 species present in that 
particular phase. The chemical potential of a species, also known as partial molar Gibbs‘ 
free energy, represents the change in the system‘s free energy through the addition of a 
differential amount of the species to a finite amount of solution at constant temperature 
and pressure (Equation 3). As a partial property, at a particular temperature and pressure 
can be calculated from the free energy of the pure species under the same conditions 
















































Gsys is the Gibbs‘ free energy of the system,  
Gi,pure is the Gibbs‘ free energy of pure species i under temperature T and pressure P 
µi is the chemical potential of species i 
ni and xi are the number of moles and mole fraction of species i.  
 
Chemical potential is important in determining phase equilibria in multiphase systems. A 
chemical species will be in dynamic equilibrium between two phases when its chemical 
potential is the same in each one (Figure A.1.). Owing to its dependence on temperature, 
pressure and moles present, chemical potential is often measured using a standard state as 
a reference point, the temperature being constant. Under such situations, assuming ideal 
gas behavior, the chemical potential of a species is calculated using equations 5-8 (Smith 




Where Γ(T) is a temperature dependent function and P is the system pressure 
 
Substituting Gi in equation 2, we get chemical potentials at a given and a 
reference/standard state:  
 (6) 
mi =Gi, pure + RT ln(xi )
Gi, pure = G(T )+ RT lnP













pi = P.xi is the partial pressure of species i  
p°i is the partial pressure of species i in the reference state 
T = Temperature (Kelvin) 




i) is recognizable as the chemical activity of species i, and thus indicates 
the fractional deviation of species ‗i‘ from the chemical potential of the reference state. 
Applying the definition to water, and using pure water in equilibrium with water vapor at 
a given temperature as the reference state, water activity is obtained. 
 
A.2. Water Activity: Biological Implications  
As described above, the chemical potential of a species governs the rate of its movement 
from one phase to another, the phase boundaries being the sites of exchange (Figure A.1). 
In case of living cells, the dynamic exchange of water in this manner is essential for cell 
growth and function (Figure A.2.a.). A sharp drop in the chemical potential of water 
outside the cell membrane would drive water outside the cell, causing osmotic stress that 
could prove lethal (Figure A.2.b.). Accordingly, water activity is a parameter that affects 
microbial viability.  
 





























Water activity has been reported as a parameter affecting microbial growth and multiple 
models have been developed for its impact (Gibson & Hocking 1997; Cuppers et al. 
1997). Microbial activity has been observed to require a threshold water activity of 
approximately 0.6, below which growth does not occur. Table A.1 contains the microbial 
species capable of growth at various water activities, while Table A.2 lists the range of 
water activities of common foodstuffs (Table contents reproduced from Appendices D 
and E, Water Activity in Foods: Fundamentals and Applications by Barbosa-Cánovas et 
al.). This knowledge has been important in the preservation of food grains, wherein 
predictive models have been developed for the growth of molds and fungi such as 
Fusarium (Torres et al., 2003; Mylona & Magan, 2011) and Aspergillus (Torres et al. 
2003; Samapundo et al., 2007; Garcia et al., 2011; Mousa et al., 2011; Astoreca et al., 








2012;) and corresponding spoilage of stored gain. Moreover, the manipulation of water 
activity is an important means towards preserving foodstuffs containing high amounts of 
water without drying. The chemical potential of water decreases as it binds to such 
solutes as salts, simple and complex carbohydrates, proteins, sugar alcohols etc., reducing 
water activity in turn. As a result of the binding, the fraction of water with the necessary 
free energy to act as a solvent and osmotic medium for microbial activity is decreased, 
irrespective of the mass and concentration of water. Thus, wet foodstuffs can be 
successfully preserved over a long period if their water activity  is low. 
 
During storage, wet biomass may be expected to undergo microbial decay, the extent of 
activity governed by its water activity. The biomass will simultaneously exchange 
moisture with its environment i.e. air and soil, which can reduce or exacerbate storage 
losses. The exchange of water is once again driven by the difference in water activity, 
this time between the biomass and the air or soil. It is therefore important to examine the 
parameters governing moisture transfer into or out of the air and soil, and their 






































Figure A.2. Water movement across Cell Membranes at a. 








Table A.1. Water Activity Ranges and Microbial Proliferation 
Water activity 
Microbial species/families  
(Cumulative with increasing water activity) 
<0.60 None 
0.61 – 0.70 
M. bisporus, S. rouxii, E. amstelodami  
(Xerophilic fungi) 
0.71 – 0.80 
E. chevalieri, several Aspergillus molds, P. 
citrinum, P. martensii, S. bailii 
0.81 – 0.90 
Several Penicillium molds, Aspergillus 
fumigatus, Aspergillus parasiticus, Aspergillus 
clavatus, Saccharomyces cerevisiae, Candida 
yeasts, Staphylococcus aureus 
0.91 – 0.95 
B. subtilis, B. cereus, L. monocytogenes, 
Clostridium botulinium A & B, E. coli, Vibrio 
parahaemolyticus, Vibrio cholerae, Salmonella 
family,  
0.96 – 1.0 
















Table A.2. Water activities of some common foodstuffs  
Foodstuff 
Moisture Content  





Bread 37 0.939 – 0.96 25 
Rice 7 0.491 – 0.591 25 
Fresh meats - 0.968 – 0.99+ 20 – 25 
Whole milk 88 0.98 – 0.99 22 
Condensed milk - 0.833 25 
Jams 29 - 32 0.833 – 0.839 21 - 30 
Honey 12.6 - 21 0.477 – 0.552 25 
 
 
A.3. Water Activity and the Environment 
While water activity is a thermodynamic ratio that denotes the likelihood of water 
exchange between systems, various environmental parameters have been developed to do 
the same. Significant to biomass storage are relative humidity, governing moisture 
transfer from the air, and soil water potential governing moisture transfer from the soil. It 
is therefore necessary to evaluate their thermodynamic basis and possible connection to 
water activity. 
 
The percent relative humidity is the factor governing moisture transfer from the air. 
Defined at fixed temperature as the ratio of partial pressure of water vapor to the 








analogous to water activity as an indicator of the chemical potential of water in the air 




Given a closed system consisting of an aqueous solution in equilibrium with the enclosed 
atmosphere, the partial pressure of water in the atmosphere becomes the equilibrium 
vapor pressure of the solution (Fig. A.3.a.). Upon replacing the solution with pure water 
at the same temperature, equilibrium would be obtained when the air is saturated (Figure 
A.3.b). Thus, the equilibrium vapor pressure becomes the saturation vapor pressure for 
the atmosphere at the given temperature. The resulting pressure ratio, the water activity 
of the solution, also becomes relative humidity when expressed as a percentage. Thus, at 
a fixed temperature, water will be in dynamic equilibrium between a mixture or solution 
at a particular water activity, and air at the same relative humidity. 
 
Similar to humidity, the movement of water through soil is governed through a parameter 
termed the water potential. While similar to chemical potential in referring to free energy, 
water potential does so on a volumetric rather than molar basis, and correspondingly has 
the dimensions of pressure. Water potential is affected by temperature, gravity, solute 
concentration, mechanical forces such as capillary action and surface tension and 
localized pressure. It is of particular significance when examining the transfer of water 












irrigation. The similarity of water potential to chemical potential is seen in Equation 10 




Ψ = Water potential, 
pvapor,T = Vapor pressure of water in equilibrium with the soil 
p
sat
vapor,T = Saturated vapor pressure of the air at the same temperature 






























As seen from the above equation, the soil water potential correlates to relative humidity, 
and thereon to water activity as well, Gee et al reporting the use of water activity meters 
to measure it (1992). Water activity can thus be used to estimate the possibility of 
moisture transfer from the soil in a given environment. 
 
A.4. Conclusion: Water Activity and Biomass Storage 
Water activity thus plays two important roles as a parameter in biomass storage. Firstly, 
the water activity of biomass indicates the likelihood of microbial proliferation and 
activity, better than moisture concentration (mass basis) alone. More significantly, it 
indicates the likelihood of moisture exchange between the biomass and its surrounding 
environment. Water activity therefore makes a more useful parameter when examining 
the impact of moisture on biomass during storage. The present study focuses on biomass 
and air alone, and fixes the parameters – relative humidity and water activity – so as to 
keep water in a state of dynamic equilibrium between the two. This enables a time-
variant study on the effects of moisture presence and thereby microbial activity. 
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Appendix B Validation of Moisture Content & Glucose Concentration Determination 
Methods 
The determination of the moisture content of biomass samples, and of the release of 
glucose during bioprocessing were critical steps in assessing storage dry matter losses 
and biomass processing efficacy respectively. Several methods have been developed for 
each, with a wide range of sample sizes, accuracy, reproducibility and processing time 
required. Due to time and cost constraints, two methods were used for biomass moisture 
determination and glucose concentration in the present study. The results were compared 
to validate the methods, and establish if data gathered through two different methods 
could be treated as identical. 
 
B.1. Moisture Content Measurement 
Forage moisture content is calculated from the observed weight difference in samples 
following drying. The drying conditions, specifically temperature, vary with the protocol 
utilized. At present, a common standard method is ASABE Standard 358.2 (ASABE, 
2012). The method accounts for heterogeneity in farm- and commercial-scale bales by 
utilizing large samples (25 grams or higher). Moisture content is calculated from the 
weight difference in the sample following drying in an oven at 105 °C for 24 hours. 
The ASABE standard method was utilized to estimate switchgrass moisture content at the 
time it was wetted for storage. It could not be used with stored switchgrass samples as 
each sample consisted of a hundred dry grams, some of which would have been lost 








content was correspondingly determined using an HB43-S Halogen Moisture Analyzer 
(Mettler-Toledo LLC, Columbus, OH), which utilized 1.0-2.0 gram samples for moisture 
analysis. The balance calculates moisture content from the change in sample mass upon 
heating through an electrical resistance heater at 100-105 °C. Heating is carried out 
several minutes, ceasing when the rate change in sample mass drops below a threshold. 
As the sample size and heating period are different, the methods needed to be compared 
to see if equivalent results would be produced from the same sample material.  
 
To validate the method, samples of switchgrass wetted to different levels  were gathered, 
and moisture content measured through both methods. At least five measurements were 
taken for each moisture level and the data analyzed statistically. The readings, mean 

























Measured Moisture Content (% ) 
ASABE S 358.2 Moisture Balance 
Reading 
Mean  
(± St. Dev.) 
Reading 
Mean  
(± St. Dev.) 
10.6 
9.90 
10.1 ± 0.12 
9.61 







15.0 ± 0.37 
14.48 







18.1 ± 0.05 
17.16 






















Measured Moisture Content (% ) 
ASABE S 358.2 Moisture Balance 
Reading 
Mean  
(± St. Dev.) 
Reading 
Mean  
(± St. Dev.) 
33.6 
33.41 
34.1 ± 0.59 
33.73 
34.4 ± 3.71 34.56 31.11 
34.23 38.44 
31.78 
32.4 ± 0.66 
29.35 
30.9 ± 1.36 33.08 31.99 
32.22 31.25 
32.17 
32.4 ± 0.24 
31.95 
32.9 ± 1.01 32.36 32.66 
32.65 33.95 
 
Errors in measurement were carried out for each moisture level, the error being defined 
as follows: 
                                                             
A paired t-test comparison was carried out for the errors at each moisture level, using 
PROC TTEST on SAS 9.3 (The SAS Institute, Cary, NC). The null hypothesis was that 
the error was zero. The P-value of the test was found to be 0.16 (Table B.2), and 










Table B.2. T-test Comparison: Difference in Readings 
Measurement Error T-statistic 
P-value  
(H0: Error = 0) 
Moisture Reading – ASABE Result -1.67 0.1564 
 
To further analyze the data, linear regression was carried out with the mean moisture 
content determined by the ASABE method as the dependent variable, using PROC REG 
on SAS 9.3. T-tests were carried out on the regression parameters. For the two methods 
to be identical, the null hypotheses were that the slope was equal to one and the intercept 
was equal to zero. The T-test results are shown in Table B.3.  
 





Test T-statistic P-value 
Intercept 1.32 0.817 
H0: I = 0 
Ha: I ≠ 0 
1.61 0.182 
Slope 0.97 0.033 
H0: S = 1 
Ha: S ≠ 1 
-1.038 0.352 
 
The P-value was found to be 0.18 for the intercept test, and 0.35 for the slope test. 
Correspondingly, the null hypotheses could not be rejected at confidence levels greater 
than 81.8% for the intercept, and 64.8% for the slope. On this basis, mean moisture 
content as measured through the Mettler-Toledo analyzer could safely be considered 






















B.2. Glucose Concentration Measurement 
When carrying out cellulose hydrolysis, liquid chromatography was used to establish 
concentration data, by comparing sample chromatograms to those containing sugar 
standards of known concentrations. The cost in time (1 hour per sample) and reagents 
made it necessary to use a fast, cost-effective screening method to determine if glucose 
concentrations were low or unchanged from control cases. Correspondingly, the method 
described by Fitzgerald et al (Fitzgerald & Vermerris, 2005) utilizing commercial-grade 
blood glucose meters was examined for this purpose. This study used a ReliOn
®
 Confirm 
blood glucose meter (Walmart, Bentonville, AR), fitted with ReliOn
®
 Confirm/Micro test 
strips, which measured sample concentrations within 10 seconds. Glucose concentrations 
Figure B.1. Linear Regression: ASABE S358.2-determined moisture 








were measured for solutions at known concentrations, prepared in the pH 4.8 citrate 
buffer used for hydrolysis. The device readings were found to be consistent within a 
range of 0.5 – 5.0 g/l range, outside of which extreme fluctuations were observed. The 
readings within this range were compared through a paired t-test with the glucose 
concentrations as prepared. 
 
Measurement errors between glucose meter readings and the actual concentrations were 
computed and a student t-test performed using PROC TTEST on SAS 9.3 with the null 
hypothesis that the error was equal to zero (Table B.4). The test was found to have a P-
value of 0.056. Correspondingly, the null hypothesis could not be rejected for confidence 
levels greater than 94.4%. 
 
Table B.4. T-test comparison: Glucose Reading vs. Concentration 
Error T-statistic 
P-value  
(H0: Error = 0) 
Glucose reading – Concentration 2.16 0.056 
 
As with moisture determination method validation, regression was performed using 
PROC REG on SAS (Figure B.2.). As described previously for the moisture 
determination method validation, regression parameters were tested against the null 















Test T-statistic P-value 
Intercept -0.04 0.202 
H0: I = 0 
Ha: I ≠ 0 
-0.18 0.858 
Slope 0.90 0.069 
H0: S = 1 
Ha: S ≠ 1 
-1.038 0.17 
 
The intercept test was found to have a P-value of 0.85 and the slope test a P-value of 0.17. 
Correspondingly, the null hypotheses could not be rejected at confidence levels greater 
than 14.2% for the intercept and 83% for the slope. It was therefore safe to assume that 
the blood glucose meter provided accurate results, especially to test if samples warrant 













Figure B.2. Linear Regression: Glucose Concentrations (y) vs. Glucose 
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Appendix C Switchgrass Wetting for Storage under Dynamic Moisture Equilibrium 
The switchgrass had to be wetted so as to remain at the same water activity as its 
environment. Water activity is correlated to moisture content, water sorption isotherms 
having been developed for specific mixtures as a function of water concentration by mass 
(Labuza & Altunakar, 2007). Similar isotherms were developed for plant tissues by 
Igathinathane et al (2005; 2007; 2009) and Albert et al (1989) for corn stover and alfalfa 
respectively. Switchgrass wetting is as described below. 
 
C.1. Switchgrass Water Activity Determination 
Dried switchgrass was milled so as to pass through a 0.016-inch (No. 40 Mesh) screen, 
and equilibrated with deionized water for 48 hours so as to reach moisture contents 
ranging from 8% to 35% (w/w), the content measured with a HB43-S Halogen Moisture 
Analyzer (Mettler-Toledo LLC, Columbus, OH). Wetted switchgrass was then loaded in 
an Aqualab Dewpoint 4TE Water Activity Meter (Decagon Devices, Pullman WA), and 
its water activity measured in triplicate. Milled switchgrass was used, as the whole 
material was difficult to load into the machine‘s sampling cups. Water activity curves 
were developed for the switchgrass at 20, 25 and 35 °C, water activity being dependent 
upon temperature. The curves are shown in Figure C.1. Using the curves, the moisture 
content required to reach the desired water activities was determined.  Due to device 
limitations, it was not possible to measure water activities at temperatures below 15 °C. 
The water activity of switchgrass at <10 °C was assumed to be the same as that of 























Switchgrass (milled, sieved) was mixed with deionized water in 4- or 8-gallon zipper 
storage bags, water volumes calculated to bring about the necessary moisture content by 
weight. The gallon bags were stored at 4 °C for 48-72 hours, for equilibration to take 
place. During this period, bag contents were mixed by hand daily to ensure uniformity. 
Depending upon their size, multiple bags were used to contain the switchgrass wetted to a 
given level. Following the equilibration period, the contents of these bags were mixed 
together, and packaged into the samples used for the experiment. Three test samples of 








approximately 50 grams were taken at this point and analyzed for moisture contents 
through ASABE protocol S358.2, the results of which are listed in Table C.1. 
 







%  Moisture  
(w/w) 
Calculated  
%  Moisture (w/w) 
Mean St. Dev 
<10 
0.65 10.6 10.1 0.601 
0.75 13.0 12.78 0.193 
0.85 16.8 16.07 1.01 
0.99 33.6 34.07 0.593 
20 
0.65 10.6 10.51 0.247 
0.75 13 11.95 0.012 
0.85 16.8 15.75 0.238 
0.99 33.6 32.36 0.662 
35 
0.65 13.0 12.11 0.100 
0.75 15.7 15.58 0.118 
0.85 18.9 19.12 0.497 
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Appendix D Standardization of Liquid Chromatography Measurements  
To validate the concentration readings of the High Performance Liquid Chromatography 
apparatus, standard solutions were run which contained the compounds to be detected – 
sugars, sugar derivatives and carboxylic acids – at known concentrations. The solutions 
were analyzed at 4 dilutions, with three injections run for each dilution. This was done to 
detect possible errors as the concentrations reached extreme highs and lows. The 
averages of the readings detected are listed in Table D.1 (Standard solution for analysis 
of LAP data), and Table D.2 (Additional compounds present during analysis of 



















Table D.1. Injection-to-Injection Variability during HPLC Analysis (Standards 









0.5 0.5 0 
1 0.992 0.0015 
2 2.012 0.0025 
4 3.996 0.0113 
Xylose 
0.25 0.245 0.0006 
0.5 0.501 0.0017 
1 1.008 0.0017 
2 1.996 0.0021 
Arabinose 
0.25 0.237 0.0006 
0.5 0.509 0.0025 
1 1.009 0.0031 
2 1.995 0.0026 
Acetic Acid 
0.125 0.126 0.002 
0.25 0.247 0.003 
0.5 0.502 0.001 











Table D.2. Injection-to-Injection Variability during HPLC Analysis (Standards 









0.5 0.512 0 
1 1.014 0.0006 
2 1.958 0 
4 4.016 0.0087 
Furfural 
0.25 0.2533 0.0006 
0.5 0.4913 0.0015 
1 1.007 0.0031 
2 1.999 0.0105 
Hydroxymethyl 
furfural 
0.25 0.252 0.0006 
0.5 0.494 0.0006 
1 1.006 0.0006 



























Graduate School, Purdue University 
 
Education 
B.Technology, Biotechnology, 2006, Indian Institute of Technology, Guwahati 
M.S., Engineering, 2008, Purdue University, West Lafayette, Indiana 




- Identification of lignocellulosic sources for conversion into fuels and chemicals 
- Bioprocessing 
- Generation of advanced biofuels  
 
 
